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ABSTRACT

Surface Ship Shock trials play an essential role in ship test and evaluation (T&E),
and Live Fire Test and Evaluation (LFT&E) requirements for the lead ship of each new
construction shock-hardened ship class. While these trials are necessary in order to
evaluate the vulnerability and survivability of the ship, they are very expensive, require
extensive time for planning and coordination, and pose serious danger to the crew, ship
and marine environment. Thus, computer modeling of the ship structure, surrounding
fluid, and virtual shock environment by utilizing finite element method offers a valuable
design tool and an alternative to these tests.

This thesis investigates the response of a catamaran-hull ship subjected to an
underwater explosion by creating a virtual UNDEX environment based on the modeling
and simulation methodology established by the Shock and Vibration Computational
Laboratory at the Naval Postgraduate School (NPS). In previous works, all of the
structural models were monohull ships and there have been concerns about the feasibility
of creating the coupled fluid and catamaran-hull model. This thesis studies the effect of
an additional hull and gap between two hulls on the dynamic response of the ship as well

as the effect of the charge location.
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l. INTRODUCTION

A. BACKGROUND

Prior to World War 11, almost all underwater explosive damage to naval ships was
caused by contact explosions. At that time, one of the best ways to destroy a ship was to
open a hole in the hull under the waterline by a direct hit and wait for flooding to reduce
the stability of the ship so that the ship would sink. Aside from this, only a direct hit to a
weapons magazine, an engine room or fuel tanks would result in the devastating loss of a
ship. Since the result of a contact explosion is the destruction of the ship’s structure in
the immediate area of the explosion, only very slight effect of the explosion is transmitted
to the other parts of the ship [Ref. 1].

In the late 1930s, the Bureau of Ships performed experiments on small structural
models of the naval vessels in the Norfolk Naval Shipyard in order to determine the
underwater explosions (UNDEX) effects. In the early 1940s, the test group in the
shipyard designed and manufactured the Underwater Explosions Barge (UEB-1) in order
to expand the experimental testing capabilities. Several tests were made in order to learn
how to improve the strength of the hull to withstand the severe effects of underwater
explosions. Early in World War 11, the non-contact explosion was introduced. This type
of explosion was later found to cause severe underwater shock to the ships. When the
non-contact underwater explosion occurred, the ship’s back was broken as it was raised
up and then struck down into the water. As a consequence, the ship sank into the gap left
by the explosion. Increasing the charge weight resulted in more damage to the ship. Thus,
it was understood that a direct hit was not necessary to disable the ship capabilities.
According to the analysis of the wartime ship losses suffered during the first half of the
twentieth century, it was determined that the incident shock wave and gas bubble pulse
forces caused severe structural damage and material failure, and resulted in the sinking of

several ships [Ref. 2].

Research on the effects of underwater explosions was increased by the U.S. Navy
and as a result the Underwater Explosions Research Division (UERD) was established on

December 18, 1946, in Portsmouth, Virginia. UERD undertook experiments focused on



improving the resistance of the ships and submarines subjected to underwater weapons,
evaluating the effects of underwater explosions on ships. UERD has worked with many
other Navy and Department of Defense divisions and support contractors in executing
full scale ship and submarine shock trials, weapons effects trials, equipment shock
hardening and qualification tests. They also performed precision experiments with scale-
model targets and free field phenomena experiments [Ref. 2].

During the past 50 years, ongoing research efforts in the field of UNDEX shock
phenomena have resulted in a wide knowledge base in this phenomenon. Thus, guidelines
and specifications were developed for the shock testing and hardening of shipboard
equipment and systems. NAVSEA 0908-LP-000-3010A [Ref. 3] and MIL-S-901D [Ref.
4] are examples of this guidance. The ship system design is validated through shock trials
as required in OPNAVINST 9072.2 [Ref. 5]. The DDG-81 Ship Shock Trials, which
were completed in the summer of 2001, are the latest set of Live Fire Testing &
Evaluations (LFT&E) to be executed in completion of these requirements.

The shock trials, a series of underwater explosions, are necessary in order to
obtain a sufficient knowledge of the problem due to the complexity of the shock problem.
The variety of equipment, the different locations of these equipments and the diversity of
the sources of the shock itself, all contribute to the complexity of the shock trials [Ref. 1].
Shock measurements and observations of the response of the ship, weapons systems,
specific equipment, and crew are made. The data obtained from the tests is recorded in
order to assess their individual and system performance in a shock environment. After
analyzing the data obtained from one of the ships in the same class or from a ship having
major design changes during construction, recommendations are made for the
modification of existing ships or for a change in the design of follow-on ships to be built
within that same ship class.

Due to the difficulty and complexity associated with the conduct of the shock
trial, these tests are very expensive and dangerous. They require comprehensive planning
and coordination as well as sensitive equipment for measurement. Possible damage to the
ship structure, electronics and multi-million dollar weapons systems is also an ever-
present consequence. Although these tests give an accurate account of the system

response, they are limited to testing only two-thirds of the ships’ design limits due to the
2



safety concerns for the ship, equipment and crew. In the situation of the USS JOHN
PAUL JONES (DDG-53) ship shock trials conducted in 1994, planning of the test took
four years and involved over 50 government agencies and a shock team of 300 personnel.
Due to the lawsuit brought by the environmentalist groups, the shock trials of DDG-53
were postponed three months. The shock tests were executed in June 1994, but only two
of the four planned tests could be accomplished due to rough weather and post-delivery
schedule considerations [Ref. 6]. The cost of shock trials ranged as high as 5% of the
$950 million delivery cost of USS JOHN PAUL JONES (DDG-53) [Ref. 7]. The cost of
shock trials of USS WINSTON S. CHURCHILL (DDG-81) conducted in May and June
2001 was $20million and the same limitations were also applied to these shock trials
[Ref. 8].

In the last few vyears, extraordinary advances in computer modeling and
simulation have introduced the shock tests in a virtual shock environment in order to
reduce some of the costs associated with the LFT&E activities [Ref. 9]. By
accomplishing these technologies, simulations can accurately predict the initial peak
response of a ship subjected to an underwater shock event and allow for faster
improvements in design and less cost. Besides, the simulations can be executed beyond
the design limits providing more design information than that obtained by real shock
trials [Ref. 8]. Thus, creating a virtual UNDEX environment for the ship system will be

an effective method for shock trials without harming the ship crew or the environment.

The finite element method is used for meshing the structural and fluid model. In
order to obtain accurate results, the finite element models must be strictly detailed and the
surrounding fluid mesh must be coupled with the wetted surface of the structural mesh.
Since the UNDEX environment is very complex due to the effects of cavitation, bubble
pulse and structural whipping, the coupled fluid and structural model must be almost
perfect. The computational time step must be very small, on the order of microseconds
while the ship response lasts on the order of seconds.

This method can be used during the ship design, integrating predictive results
gained from the simulations into the final stages of the design. Making the changes while

the ship is still in the construction phase, helps reduce the overall cost.

3



Even though this approach is not sufficiently reliable enough at this time to
completely replace the LFT&E process, it can be used as a predictive design tool.
Through the knowledge obtained in the virtual UNDEX environment and further
improvements in computer processing technology, virtual shock trials may eliminate the
requirement for the LFT&E process and the need for broad scope shots and stimulate the
investigation of UNDEX events with the use of scalable charges located at specified

locations related to the points of concern determined in previous shock trial simulations.

B. SCOPE OF RESEARCH

This thesis investigates the response of a catamaran-hull ship subjected to an
underwater explosion by creating a virtual UNDEX environment based on the modeling
and simulation methodology established by the Shock and Vibration Computational
Laboratory at the Naval Postgraduate School (NPS). In previous works, all structural
models were monohull ships and there have been concerns about the feasibility of
creating the coupled fluid and catamaran-hull model. This thesis studies the effect of an
additional hull and gap between two hulls on the dynamic response of the ship. The effect
of the gap between the hulls will be investigated by comparing the responses of selected
equivalent nodes on each hull. It also investigates the effect of the standoff distance from

the charge on the response of the model.

The structural model is constructed using the TrueGrid finite element mesh
generation program whereas the fluid model is generated using the ABAQUS finite
element solver. Ship shock simulation of the Sea TENTACLE model is conducted using

the ABAQUS/Explicit finite element analysis module.

The results from the ship shock simulations will validate the fluid modeling and
UNDEX analysis in ABAQUS/CAE, and provide the basis for further investigation of the
dynamic response of the catamaran-hull ships.



Il.  UNDERWATER EXPLOSIONS

Underwater explosions (UNDEX) occurring in the water near the ship hull are of
great concern to naval surface ships and submarines since they can result in major hull
damage. Analyzing this phenomenon requires understanding a complex sequence of
events, shock wave propagation, bulk cavitation and fluid-structure interaction

phenomena. Underwater explosions may be classified in two categories [Ref. 1].

a) Contact underwater explosions: This type of explosion occurs in the water
adjacent to or in contact with the hull of the ship, such as an impact-fused torpedo hit or
the explosion of a contact mine. These explosions result in severe local damage to the
hull.

b) Non-contact underwater explosions: This type of explosion occurs at a given
distance from the ship in water that is not in contact with the hull of the ship. The
detonation of depth charges consisting of high explosives such as HBX-1, RDX, TNT
and PETN is an example of non-contact underwater explosions. These explosions result
in the most serious and severe shock damage to the ships.

Non-contact underwater explosions are the type considered in this work.

A. SEQUENCE OF EVENTS

It is very important to understand the sequence of events that occurs in the water
as a result of an underwater explosion. The sequence begins with the detonation of a high
explosive such as TNT, HBX-1, RDX, or PETN. After the detonation of the explosive, a
shock wave travels through the charge material at a constant, high speed of
approximately 25,000 ft/sec, converting the solid charge to a dense gas at great
temperatures and pressures on the order of 3000° C and 50,000 atm pressure, without
change in volume [Ref. 10]. This event happens very rapidly in order to prevent the
energy from having enough time to escape. The water is assumed to be compressible and
homogeneous in UNDEX analysis. Assuming an ideal fluid, the water in UNDEX
analysis does not support shear stresses and no heat transfer is considered. The high
pressure gas compresses the surrounding water, that layer of water then compresses the

5



adjacent layer, and so on. As the gas expands, the water is forced radially outward, and
this radial flow modifies the pressure distribution at points relatively close to the bubble
[Ref. 2]. Therefore, a shock front is propagated radially outward at a velocity that

exceeds the velocity of sound in the uncompressed water as shown in Figure 1.

High Pressure Gas Bubble

@ ! I Charge Diameter

Shock Wave Front

Figure 1. Gas Bubble and Shock Wave from an Underwater Explosion [Ref.10]

A shock wave is characterized by a discontinuous change in pressure, particle
velocity, and density in a direction normal to the front. Figure 2 shows this type of
pressure distribution for a 300 Ib TNT underwater explosion [Ref. 10].

34,000 Ib./in?
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Figure 2.  Shock Wave Pressure Profile for a Radially Expanding Wave From a 300
Ib TNT Charge [Ref. 10]

Since the shock front is spherical, the pressure drops as the wave moves outward
as seen in Figure 2. Thus, the resulting shock wave pressure profile is proportional to the

inverse of the distance from the charge, 1/d.



Empirical equations are derived in order to characterize the shock wave pressure
profile, P(t). These equations are accurate at distances between 10 and 100 charge radii,
and for a duration of up to one decay constant in time after the initial detonation [Ref.10].

tt
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1\
3
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1
3
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(D+33)3
1
3
T=K, V" (sec) (2.5)
(D+33)e
1\A4
1\
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where Pnax = the peak magnitude of the pressure in the shock front (psi)
t-t; = the time elapsed after the arrival of the shock (msec)
0 = the decay constant (msec)
R = standoff distance, radial (ft)
W = the weight of the explosive (Ib)
D = charge depth (ft)
K1, Kz, Ky, Ks, Kg, A1, A, = constants depending on the explosive type

max = Maximum bubble radius (ft)



T = the bubble oscillation period (sec)
E = energy per unit volume (Ib-in/in®

The shock wave parameters are tabulated in Table 1. [Ref. 10]

Table 1.  Shock Wave Parameters [Ref. 10]

CONSTANTS HBX-1 TNT PENTOLITE NUKE
K, 22347.6 22505 24589 4380000
P max
A, 1.144 1.18 1.194 1.18
DECAY K, 0.056 0.058 0.052 2.274
CONSTANT
A, -0.247 -0.185 -0.257 -0.22
BUBBLE K
5 4.761 4.268 4.339 515
PERIOD
BUBBLE K
6 14.14 12.67 12.88 1500
RADIUS
ENERGY Ky 3,086.5 3,034.9 3,135.2 3.313x10°
A 2.039 2.155 2.094 2.04

After generation of the shock wave, approximately 50% of the energy of the
explosion is emitted in the shock wave. Since the bubble uses about half of the energy,
the bubble pulse pressure can result in as severe damage as the shock wave itself. The gas
bubble loses energy by the radiation. The shock wave moves outward as long as the gas
bubble pressure is higher than hydrostatic pressure using its own energy. At some time,
the gas pressure drops to the hydrostatic pressure prior to the explosion at some time
when the gas bubble reaches its maximum diameter. Since the adjacent water still has an
outward velocity, the gas bubble does not rest and continues to expand until the pressure
becomes smaller than hydrostatic pressure. At this instant, the gas bubble reaches its

maximum radius and the internal energy of the gas bubble is so small that it can be
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neglected. Equation (2.4) is used to determine the maximum gas bubble radius. As shown
from Equation (2.4), the maximum bubble diameter mostly depends on the charge type,

depth and weight.

After reaching the maximum radius, the gas bubble pressure becomes so small
that the hydrostatic pressure causes the gas sphere to be contracted and recompressed to a
high pressure determined by the inward velocity of the water at the time the pressure
returns to the hydrostatic pressure. Due to this recompression, a second wave forms and
radiates into the water. The second bubble again reaches its equilibrium state and a
maximum radius which is smaller than initial maximum radius. The gas sphere undergoes
several compressions and re-expansions until it loses all of its energy or the bubble
reaches the surface of the water [Ref. 1]. Figure 3 shows the oscillation of the gas bubble
[Ref. 10].

Shock Wave Bubble Pulse
2 | |
o
D I
t R
O f‘ -
m I
TIME
TI | T |
o
= Shock Wave Bubble Pulse
7
E’;I.
o / Ist /\
[=
2nd
A\ TIME
()05
TIME

Figure 3.  Migration Pathway and Gas Bubble Oscillation [Ref. 10]
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The gas bubble oscillation period can be calculated by Equation (2.5). As shown
in Figure 3, the peak pressure of the shock wave is very big and decays very rapidly. Due
to the energy loss, the maximum pressure of first bubble pulse is approximately 10-20%
of shock wave pressure [Ref. 11]. The shock wave energy depends on the charge
properties and standoff distance. Equation (2.6) is used to determine the shock wave

energy.

Gravity has an important effect on bubble migration. It causes the gas bubble to
migrate upward while it rises due to the buoyancy of the bubble [Ref. 10]. Using the
impulse-momentum change theorem, the vertical bubble velocity (U) can be calculated
by using Equation (2.7)

_ 29 [ts
U= 20 joa () (ft/sec) 2.7)

where g = gravitational acceleration constant

a = gas bubble radius

Since the vertical bubble velocity is proportional to the inverse of the third power

of the bubble radius, it can be stated that the bubble rises faster when its size is minimum.

As seen in the empirical equations, the charge depth is of considerable interest. In
shallow water, the gas pressure is less than atmospheric pressure when the gas bubble
radius is about maximum. The air enters in the cavity very rapidly when the gas bubble
reaches the surface and acts as a cushion in order to allow the closure and eliminate any
closure pressure pulse. Therefore, it can be stated that the explosion depth should be less
than the maximum bubble radius. The results will be acceptable if the charge depth is
between 50% and 80% of maximum radius. [Ref. 10]

B. CAVITATION

Cavitation is defined as the phenomenon that occurs in water led by the reflection
of a shock wave at the surface. A tensile reflected wave, which is called rarefaction wave,
occurs when the compressive shock wave is reflected from the free surface. Water cannot

support the tensile force and cavitation occurs, leading to a pressure rise up to the vapor

10



pressure of water. There are two types of cavitation in an UNDEX event: bulk cavitation
and local cavitation. Bulk cavitation can be regarded as the large area of low pressure at
the free surface whereas local cavitation can be regarded as the small area of low pressure
occurring at the fluid-structure interface. Cavitation has a tremendous effect on the
overall response of the surface ships so that it must be taken into consideration in the
simulation process [Ref. 12].

1. Bulk Cavitation

In an UNDEX event, a three-dimensional spherical pressure wave forms and
propagates outward from the detonation center. The underwater explosion attack
geometry is shown in Figure 4. In an UNDEX event, the incident shock wave, which is
compressive and the strongest wave, hits the target first and reaches the free surface. The
rarefaction wave is formed by the reflection of the incident shock wave at the free
surface. The direction of the rarefaction wave is opposite to the direction of propagation.
Since the air-water interface is not a rigid boundary, it occurs as a tensile wave and poses
a tensile force to water. As stated before, the water cannot support the tensile force and
forms cavities which are filled with water vapor. The vapor pressure of water is about
0.3 psi. The rarefaction wave reaches the image after the incident wave as illustrated in
Figure 5. After the arrival of the rarefaction wave, the pressure drops to zero or negative
value. This is called “cut-off” in the pressure. The cavitation pressure is a negative

pressure of three to four psi [Ref 13].

A bottom reflection wave is also formed due to the reflection of the shock wave at
the sea bottom. However, this type of wave is of less interest in an UNDEX event due to

the dependence on the sea bottom characteristics and its closeness to the target [Ref. 10].
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Figure 4.  Underwater Explosion Geometry [Ref. 10]
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Figure 5.  Shock Wave Pressure Profile with Cut-off [Ref. 10]

The cavitated region formed by the rarefaction wave is called the bulk cavitation
zone. It consists of two boundaries: the upper cavitation boundary and the lower
cavitation boundary. The upper cavitation boundary is the region where the net pressure
due to incident and reflected waves is zero. In point of fact, the net pressure below the

surface is not zero at the cut-off time. The calculated net pressure may be less than zero
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depending on the depth. As stated before, cavitation occurs where the total pressure is
negative. Total pressure consists of compressive incident wave pressure, tensile
rarefaction wave pressure, atmospheric pressure and hydrostatic pressure. Equation (2.8)
with Equation (2.9) and (2.10) is used to determine the upper cavitation boundary by

setting the total pressure to zero.

1 A 1 A
3 _(p-n) 3
F(x,y)=K, —W e “ +P,+yy—-K W— =0 (2.8)

1 2

L=+(D-y)’+x* and r,=/(D+y)’+x (2.9) and (2.10)

where X,y = the horizontal range and vertical depth of the point
r, = standoff distance from the charge to the point
r, = standoff distance from the image charge to the point
C = acoustic velocity in the water
D = charge depth
0 = decay constant (Equation (2.3))
Pa = atmospheric pressure
v = weight density of water
W = charge weight

K1, A; = shock wave parameters (see in Table 1)

The lower cavitation boundary is determined by equating the decay rate of
breaking pressure and the decay rate of absolute pressure. The breaking pressure is
defined as the rarefaction wave pressure that reduces the absolute pressure to the
cavitation pressure [Ref. 10]. Equation (2.11) with Equation (2.12) is used to determine

the lower cavitation boundary.
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where P; = incident wave pressure at cut-off
A1, A; = shock wave parameters (see in Table 1)

The MATLAB® code is used to determine these boundaries and plot the zone by
solving the Equation (2.8) and (2.11). The results of the code depend on the user’s input
and analysis type. The code is provided in Appendix A.

The cavitation boundaries are highly dependent on the charge type, weight and
depth as seen in the equations. Figure 6 illustrates that the charge depth has a very
important effect on the cavitation region as stated before. The plots are generated for 150
Ib Trinitrotouluene (TNT) charge at varying depths. As shown in Figure 6, the cavitation
region (shown in red) stretches as the charge depth increases and the vertical depth of the
region decreases due to the stretching. Therefore, the cavitation area is the largest when
the charge is at 75 ft for a 150 Ib charge. As a consequence, it can be stated that the

cavitation area increases with increasing charge depth.
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Figure 6. Bulk Cavitation Zone for 150 Ib TNT Charge Detonated at Varying
Depths

Figure 7 illustrates the effect of charge weight on the bulk cavitation zone. The
plots are generated for HBX-1 at 50 ft depth with varying weights. As shown in Figure 7,
the cavitation region for 300 Ib HBX-1 is the largest, and the region for 100 Ib the
smallest, among them. It can be stated that the cavitation area increases with increasing
charge weight while the region stretches. These effects can be combined such as

increasing the weight but decreasing the depth. The cavitation region certainly changes

due to the combined effects.
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Figure 7. Bulk Cavitation Zone for HBX-1 Charge Detonated at 50 ft with Varying
Weights

Figure 8 illustrates the effect of charge type on the bulk cavitation zone. The plots
are generated for TNT and HBX-1 charges detonated at the same depth (25 ft) and weight
(200 Ib). Each charge type has different shock wave coefficients that affect the cavitation
region. Since the coefficients of HBX-1 are close to those of TNT, it is difficult to

determine which explosive creates a larger cavitation area.

As shown in Figure 8, the cavitation region is more stretched when the TNT
charge is used. For this situation, it can be stated that the cavitation region stretches when
a charge having bigger Pmax and decay constant coefficients is used. Many trials have
been made in order to check the accuracy of this statement. For instance, increasing the

charge depth gives the opposite result. For larger depths, the cavitation region is more



stretched when HBX-1 is used. Therefore, for larger depths it can be stated that the
cavitation region increases when a charge having smaller Py and decay constant

coefficients is used.
The results for several trials are tabulated in Table 2 where the charge type that

creates a larger cavitation region depending on the charge weight and depth is shown.
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Figure 8.  Bulk Cavitation Zone for 200 Ib HBX-1 and TNT Charge Detonated at 25 ft
Table 2. Comparison of TNT and HBX-1 Charges
Charge Charge Depth (ft)
Weight (Ibs) | 10 30 50 100 200
25
50
100
200
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As shown in Table 2, the cavitation region is greater when the TNT charge is used
in shallow water. Otherwise, the cavitation region is greater when the HBX-1 charge is
used. As a consequence, the charge types affect the cavitation region due to their shock

wave parameters.

Although the plots exhibit a two-dimensional bulk cavitation region, it is actually
a three-dimensional one that is generally symmetric about an imaginary vertical axis
passing through the charge as shown in Figure 9. The shape of the bulk cavitation zone is
similar to a cardioid just below the air-water interface. The bulk cavitation zone in Figure
9 is created by 100 Ib Pentaerythritol Tetranitrate (PETN) at 75 feet depth [Ref 14].

Figure 9.  Bulk Cavitation Zone in an UNDEX event [Ref. 14]

The vertical kick-off velocity of the surface ship can be determined by the fluid
particle velocities near the free surface. According to Archimedes Law, the water particle
velocity near the free surface is equal to the vertical kick-off velocity of the ship. After
determining the centerline, the calculated water particle velocity can be used as an

average vertical kick-off velocity of the ship.

2. Local Cavitation

Local cavitation is the phenomenon that occurs at the fluid-structure interface due
to the results of the interaction of the pressure pulse and the flexible surface of the
structure. The shock pressure pulses that are produced by an UNDEX event excite the

ship causing dynamic responses while they impinge on the ship and a fluid-structure
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interaction occurs. Total pressure turns out to be negative along the hull. Since the water
cannot support tensile pressure, the water pressure drops to the vapor pressure of water
and local cavitation occurs.

Taylor flat plate theory, which was presented by G. I. Taylor, is the simplest fluid-
structure interaction example. In this theory, an infinite, air-backed plate is used as the
hull in order to illustrate the reaction of the hull subjected to the shock wave, as shown in
Figure 10.
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Figure 10. Taylor Plate Subjected to a Plane Wave [Ref. 10]

As shown in Figure 10, the Taylor plate is subjected to the incident plane shock

wave of pressure P,(t) . After interacting with the plate, the reflected plane shock wave of
pressure P,(t) is created and reflected off the plate. According to Newton’s 2" Law, the

equation of motion of the plate can be written as

m% =P(t) + P, (t) (2.13)

where m = the mass of the plate per unit area

u(t) = the velocity of the plate
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The velocities of the fluid particle behind the incident and reflected shock waves

are defined as u,(t)and u,(t), respectively. Thus, the velocity of the plate can be defined

as

u(t) =, (t) - u,(t). (2.14)
For one-dimensional incident and reflected shock waves, the wave pressures can

be expressed as

R (t) = pCu,(t) (2.15)

P, (t) = pCu, (t) (2.16)

where p = the fluid density

C = the acoustic velocity

Substituting Equations (2.15) and (2.16) into Equation (2.14) gives the
relationship between the plate velocity and shock wave pressures.

u(t) =u,(t) —u,(t) = oC

The incident shock wave pressure P,(t) can be calculated by using Equation (2.1).

Equation (2.1) is substituted into Equation (2.17) in order to obtain an expression for the

reflected wave pressure P, (t) .

t-t;

()= Poe | * )= pCu(t) (2.18)

The equation of motion, Equation (2.13) can be rewritten by substituting Equation
(2.18).

m (Z—‘t’j + pCu(t) = 2Pmaxe_(5’lj (2.19)
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Equation (2.20) is determined after solving the first order linear differential
equation, Equation (2.19).

_ 20 [
u(t) = - p) {e -e (2.20)

where ,B:ﬁ and t>0. Since the expression for the plate velocity is defined, the
m

reflected shock wave pressure P, (t) and the net pressure at the plate can be described as

_ Pma>< 7[%] {@}
P, (1) —ng(lJrﬂ)e —2pe (2.21)
H+%=Rm{41e¥?q—ﬁﬁe{%y% (2.22)
1-B 1-B

As shown in Equation (2.20), the net pressure becomes negative at a very early
time as B increases, which correlates to a lightweight plate. Local cavitation occurs when
the tensile pressure turns out to be the vapor pressure of water and separates the plate
from the water [Ref. 10]. The plate has maximum velocity at the cut-off time when the
pressure in front of the plate occurs. The time at which the plate reaches its maximum

velocity, t, can be determined by setting Equation (2.22) equal to zero and solving for t.
i =B, (2.23)

The maximum velocity of plate, umax Can be expressed by substituting t, into

Equation (2.20).

Upax = 2P0 e_(%j —e_[%j (2.24)
m(-5)
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The equations used in the Taylor plate theory are appropriate up to the beginning
of the cavitation. After cavitation begins, the problem turns into a nonlinear and non-
conservative problem and the equations are no longer valid. For light plate weights, a
second loading occurs and increases the plate velocity due to the fact that the momentum
of the light plate is equal to a fraction of the impulse in the shock wave. This loading can

be more extreme than the first loading.

C. FLUID-STRUCTURE INTERACTION

The fluid-structure interaction between the water and the hull due to the
underwater explosion mainly occurs in the vertical direction. Since the shock wave
impinges on the ship hull causing dynamic responses on the ship structure, the fluid-

structure interaction has a great importance in an UNDEX event.

A matrix of differential equations is used to determine the approximate response
of the ship with some acceptable degree of accuracy. This approximation is called the
Doubly Asymptotic Approximation (DAA) and is applicable at both low and high
frequencies and at early and late times [Ref. 12]. Equation (2.25), the discretized
differential equation, defines the dynamic response of the ship structure.

[M K+ [CHXG+ [KI{x}={f} (2.25)

where {x}= the structural displacement vector
[M.] = the structural mass matrix
[C] = the structural damping matrix
[K] = the structural stiffness matrix
{f}=the applied force vector

dots indicate the temporal derivative

As shown in Equation (2.25), the inertial forces, damping forces, internal forces
and acoustic fluid pressure forces serve to set up the equilibrium configuration for the

system [Ref. 15].
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For a submerged structure evoked by an acoustic wave, the external forcing

function can be expressed as,

{f}=-GI[A J{p, }+{psH) +{fo} (2.26)

where {p,}= the nodal pressure vector for the wetted-surface fluid mesh pertaining to

the incident wave

{ps}= the nodal pressure vector for the wetted-surface fluid mesh pertaining to

the scattering wave

{f,}= the dry-structure applied force vector
[G] = the transformation matrix relating the nodal surface forces

[A;] = the diagonal area matrix associated with the elements in the fluid mesh

[Ref. 16].

The fluid-structure interaction problem in terms of wet-surface response can be
solved by using the DAA. Since it is not applicable in the cavitation region, The First
Order Doubly Asymptotic Approximation (DAA;), which is expressed by Equation
(2.27), is used for the long cylindrical shell structures such as surface ships or submarines
[Ref. 17]. The DAA is exact if the shell structure is spherical.

M Kps}+ oc[ A 1{ps}= pc[M  {us} (2.27)

where {u.} = the scattered wave fluid particle velocities vector normal to the structure’s

wetted surface

[M,] = the fluid mass matrix

o = the fluid mass density

c = the acoustic velocity of the fluid.
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The fluid mass matrix [M,] is produced by a boundary-element treatment of

Laplace’s equation for the irrotational flow that is generated in an infinite, inviscid and

incompressible fluid.

For the high frequency response, the Equation (2.27) can be expressed by a plane

wave approximation as p, = pcu,. However, for the low frequency response, it can be

expressed as A, p, = MU, by using a virtual mass approximation [Ref. 18].

Since the problem is solved in terms of wet-surface response, the excitation of the

wetted surface structure by an incident shock wave, {f} is given by Equation (2.28)

[Ref. 19].

{f}=-[CIIAJ{p }+{ps1) (2.28)

The compatibility relation on the wetted surface of the structure, Equation (2.29)
can be used to correlate the scattered wave fluid particle velocities to the structure

response

[GT {x}={u,}+{us} (2.29)

where T represents matrix transpose.

The DAA Interaction Equations are created by combining Equation (2.25)
through Equation (2.29).

[M G+ [CIOG+ KX} = —[GI[A J{p 3 +{ps}) (2.30)
[M 1{ps}+ pclA; H{ps}= pcIM  J(CT {x}-{u,}) (2.31)

The two unknown quantities, xand pgin Equations (2.30) and (2.31) can be solved by

using a staggered solution scheme [Ref. 16].
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I11. MODELING

A. SEA TENTACLE MODEL

1. Structural Model

The 2005 Naval Postgraduate School Total Ship Systems Engineering (TSSE)
interdisciplinary team design, “Sea TENTACLE”, which has capabilities of anti-
submarine warfare (ASW) and mine warfare (MIW), was used as the structural model
basis for the investigation undertaken in this thesis work. Sea TENTACLE has a
catamaran hull form that reduces the wave resistance due to the distribution of the
displacement between the two hulls and increases stability in the ship’s roll response
[Ref. 20]. Sea TENTACLE is shown in Figure 11 and the ship hydrostatic characteristics
are tabulated in Table 3.

Figure 11. Sea TENTACLE [Ref. 20]
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Table 3.

Hydrostatics Characteristics of Sea TENTACLE [Ref. 20]

Draft Amidsh. m 5.198 LCB from Amidsh. (+ve fwd) m | -0.888
Displacement tonne 7023 LCF from Amidsh. (+ve fwd) m | -0.816
Heel to Starboard degrees [-0.51 KB m 2.965
Draft at FP m 5.251 KG fluid m 5.925
Draft at AP m 5.144 BMt m 19.005
Draft at LCF m 5.197 BML m 260.973
Trim (+ve by stern) m -0.107 GMt m 16.046
WL Length m 117.442 GML m 258.014
WL Beam m 24.553 KMt m 21.969
Wetted Area m”2 3268.975 KML m 263.937
Waterpl. Area m"2 1664.682 Immersion (TPc) tonne/cm 17.066
Prismatic Coeff. 0.925 MTc tonne.m 154.523
RM at 1deg = GMt.Disp.sin(1)
Block Coeff. 0.746 tonne.m 1966.81
Midship Area Coeff. 0.806 Max deck inclination deg 0.5
Waterpl. Area Coeff. 0.964 Trim angle (+ve by stern) deg -0.1

The model of Sea TENTACLE was created by using the Computer Aided Design
(CAD) tool RHINO 3.0. The structural model was imported as an IGES file into the
finite element mesh generation program TrueGrid [Ref. 21] in order to generate the

structural mesh. The mesh generation of the structural model using TrueGrid is explained

in Appendix C. The final structural mesh is shown in Figure 12.

Figure 12.

The structural mesh of Sea TENTACLE model
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The model is consistent with the dimensions of Sea TENTACLE and hull form.
The main dimensions of the structural model are illustrated in Figure 13 and 14.
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Figure 13. Transverse View of Structural Model (the dimensions are in meters)
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Figure 14. Longitudinal View of Structural Model (the dimensions are in meters)

The model consists of 12 athwartship bulkheads and 50 compartments as shown

in Figure 15.
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Figure 15. Arrangement of Sea TENTACLE Model

Since the structural model is consistent with the dimensions and hull form of Sea
TENTACLE, the displacement of the model is determined as 7,000 tons using the value
of 1.025 MTON/m® for the seawater weight density whereas the displacement of Sea
TENTACLE is 7023 tonnes. The shell plating was constructed of 14 mm high-strength
steel SAE 942X having a mass density of 7850 kg/m?, a Young's Modulus of 200x10° Pa,
and a Poisson’s ratio of 0.33. The shell elements were constructed as square hexagonal
elements having a length of 1 m. The same material was also used for the structural beam
elements (stiffeners) which are of rectangular cross section. The specifications of the

model materials are shown in Table 4.
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Table 4.  Material Specifications

Material Type High-Strength Steel SAE 942X
Material Model Isotropic Material (elastic)
Young’s Modulus 200 x 10° Pa

Poisson’s Ratio 0.33

Thermal Expansion Coefficient 12.3x10°

Mass Density 7850 kg/m®

Mass Damping 19.2

Stiffness Damping 2.09x10°

The beam elements were used to increase the plating rigidity. In order to make the
model realistic, the beams at the hull, having a size of 14 mm wide and 15 cm high, were
created thicker than the beams at the superstructure having a size of 12 mm wide and 15
cm high. Figure 16 illustrates the beam cross section while Figure 17 and 18 show the
beam elements of the model. The overall finite element mesh of the structural model
consists of 11202 nodes, 12300 quadrilateral (4-noded) shell elements, 13870 beam
elements and 7774 lumped masses. Table 5 summarizes the model particulars.

The structural mesh of the model was output in ABAQUS input file format after
the generation in TrueGrid. The input deck was then read into an ABAQUS database
which is a powerful software application for advanced finite element analysis.
ABAQUS/CAE is a complete ABAQUS environment that provides a simple, consistent
interface for creating, submitting, monitoring, and evaluating results from
ABAQUS/Standard and ABAQUS/Explicit simulations. Thus, ABAQUS/CAE was used
to create the fluid mesh, couple it with the structural mesh and execute the modal analysis
due to an UNDEX pressure wave. ABAQUS also provides a capability for bringing in
generalized forces on acoustic and solid media related to the arrival of shock waves [Ref.
22].
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Table5. Sea TENTACLE Model Specifications

Length 117.48 m

Beam 25m

Depth 16.48 m

Draft (Design Waterline) 473 m

Shell Plating/Beam Element Material High-Strength Steel SAE 942X
Shell Plating Thickness 14 mm

Beam Element Dimensions (Height x Width)

- Beam Elements at Hull 14x150 mm?
- Beam Elements at Superstructure 12x150 mm?
Number of Parts 18
Number of Nodes 22126
Number of Shell Elements 21832
Number of Beam Elements 36056
14 12

P
!

150 150

Y L

Figure 16. Beam Cross Section (the dimensions are in millimeters)
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Beam Elements of the Model

Figure 17.

Beam Elements of the Hull

Figure 18
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After outputting the structural model to ABAQUS, the total 6600 MT point
masses were distributed along the deck according to Figure 19. The mass distribution
includes the lightship mass, the payload and the fluid mass (fuel, oil, water etc.).

1% Deck : 1044 MT

Main Deck : 1500 MT

Each Hull : 2028 MT

Figure 19. Mass Distribution of the Model

2. Fluid Mesh Modeling

Creating the fluid mesh (fluid volume finite element model) was the next step in
the Sea TENTACLE model. The fluid part was created by using the CAD tool RHINO
3.0 and imported as an SAT file into ABAQUS in order to generate the fluid mesh. The
fluid part was modeled as a closed solid. The Boolean Subtract feature of RHINO 3.0
was used to create the wetted surface in the fluid mesh using the solid hull parts. The
fluid part was created as an ellipsoid, because the fluid domain needs to enclose the
structure in order to use the infinite elements if needed. The fluid mesh generation using
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ABAQUS is explained in Appendix C. The final fluid mesh is shown in Figure 20. The
fluid part was meshed with 4-node AC3D4 acoustic tetrahedral elements in ABAQUS.
The mass density and the acoustic speed of these solid elements have the values of 1025

kg/m?® and 1500 m/sec, respectively.

Free Surface

Figure 20.  Fluid Mesh in ABAQUS

In order to create the ellipsoid fluid part, two quarter spheres and half cylinder
with a radius of 25 m, which is greater than the depth of the computed bulk cavitation
zone, were used in RHINO 3.0. Figure 21 illustrates the dimension of the fluid mesh.

The shock analysis in ABAQUS requires a surface-based interaction for coupled
acoustic-structural analysis. The acoustic structural coupling between the fluid mesh and
the structural mesh at the common wetted interface was achieved by using the *TIE
constraint option in ABAQUS. The coupling procedure and *TIE option is described in
detail in Appendix D. Figure 22 shows the coupled fluid-ship model.
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Figure 21. Dimensions of the Fluid Mesh (in meters)

Figure 22. Coupled Fluid-Structural Mesh
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Table 6 lists the number of elements and element type created for the fluid mesh

and structural mesh. As shown from Table 6, the fluid mesh is a large and complex mesh

for a relatively small structure due to the cavitation effects. Thus, computational power is

required to run a shock simulation involving a fluid mesh.

Table 6.  Coupled Fluid-Structural Mesh Specifications

Number of Elements

Element Type

Fluid Mesh 607496 AC3D4 solid acoustic
tetrahedral finite element
Structural Mesh 21832 S4R shell quadrilateral

finite element
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V. SIMULATION

A. MODELING AND SIMULATION PROCESS

The modeling and simulation process involves model construction, pre-
processing, analysis and solution, and post-processing of the results. Figure 23 shows a
flowchart of the procedure used for the Sea TENTACLE UNDEX simulation.

TN
TrueGrid®
Model Construction
and
Pre-Processing
ABAQUS/CAE
S
v
—
ABAQUS/Standard Analysis
ABAQUS/Explicit — and
Solution
-
A S
) Post-Processing
ABAQUS/VIEWBF : and
UERD Tools Data Extraction
-

Figure 23. Modeling and Simulation Flow Chart

B. SHOCK SIMULATION WITH ABAQUS

ABAQUS consists of two main analysis products: ABAQUS/Standard and
ABAQUS/Explicit. ABAQUS/Standard is a general purpose analysis product that can
solve linear and nonlinear problems involving the static, dynamic, thermal and electrical

response of components. It solves a system of equations implicitly at each increment
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whereas ABAQUS/Explicit finds a solution forward through time in small time
increments without solving a coupled system of equations at each increment [Ref. 22].

ABAQUS/Explicit is a special purpose analysis product that uses an explicit
dynamic finite element formulation. It is convenient for modeling transient dynamic
events, such as blast, acoustic and shock problems. It is also very efficient for highly
nonlinear problems involving changing contact conditions [Ref. 22].

ABAQUS/CAE (Complete ABAQUS Environment) is an interactive, graphical
environment for ABAQUS incorporating the analysis modules into a Complete
ABAQUS Environment for modeling, managing, and monitoring ABAQUS analyses and
visualizing results. It allows the models to be created easily and quickly by producing or
importing the geometry of the structure and dividing it into meshable regions. Physical
and material properties can be assigned to the model, as can loads and boundary
conditions. Once the model is complete, ABAQUS/CAE can submit, monitor and control
the analysis jobs. ABAQUS/Viewer is a part of ABAQUS/CAE that contains only post-
processing capabilities [Ref. 22].

ABAQUS provides a capability for introducing generalized forces on acoustic and
solid media associated with the arrival of dilatational waves. This applies to shock
problems. Since the fluid mechanics are assumed to be linear, the wave fields in the fluid
can be superimposed in a dynamic problem excited by a propagating wave in the fluid
arriving from outside the domain. Therefore, the observed total pressure in the fluid can
be divided into two components--the known incident and the wave field--due to the
reflections at the fluid boundaries and interactions with the structure. The wave field,
referred to as the scattered field, can be calculated by applying loads at the fluid-structure
interface [Ref. 22].

In ABAQUS, the shock analysis of a structure includes acoustic finite elements to
model the effects of the mass of the fluid and incident wave loading to model UNDEX
effects on the structure interacting with fluid. The explosive load is defined with an
incident wave load. The load is applied on both the structure and the fluid at the common
interface and is similar to a distributed load. These loads are supported only on transient

dynamic procedures.
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There are two acoustic wave formulations for shock analysis in ABAQUS: total
wave formulation and scattered wave formulation. The scattered wave formulation is
generated by capitalizing on the fact that the acoustic medium is linear. The model
response can be divided into the sum of incident wave and the scattered field and is the
response of medium to wave loads, not the wave pulse itself. The pressure in this
formulation is the scattered pressure only [Ref. 22].

Total wave is simply the sum of the incident and the scattered waves. The
mechanical behavior of the model is nonlinear when the cavitation exists. In this case,
with the superposition of the incident wave and the responses of the model due to the
boundaries, the cavitating regions are not valid. The total pressure in the total wave
formulation includes the effects of the incident wave field and the overall model’s
response. The total wave formulation presents a complete solution of the acoustic
pressure field. When the acoustic medium is capable of cavitation, a total wave
formulation must be used. The total wave formulation was used in the Sea TENTACLE
model since the cavitation was of considerable interest and cavitation limit was invoked
as zero pressure by using the keywords editor. Therefore, the pressure was cut off at zero.
In the total wave formulation, the loading must be specified only on the fluid surfaces
that have a nonreflecting radiation condition. ABAQUS ensures that the radiation
condition is applied only on the scattered response and not on the incident wave [Ref.
22].

ABAQUS also tracks the gas bubble migration and stops the analysis if the
bubble reaches the free surface before the end of the analysis. The formulation used for
determining the bubble time histories is based on the Geers-Hunter bubble model and
exhibits the effects of the radially expanding and upwardly migrating gas bubble. The
results were obtained by using ABAQUS/Standard for the Sea TENTACLE model. The
parameter value BUBBLE was invoked by using the keywords editor of ABAQUS/CAE.

ABAQUS/Viewer and Underwater Explosions Research Department (UERD)
Tools were used as the post-processing and data extraction tools. ABAQUS/Viewer
allows the user to view the deformed shape plots, contour plots, animations and X-Y

plots. It was especially used for the animation and contour plot purposes in this thesis.
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UERD which is a RTD&E organization in the Naval Surface Warfare Center, Carderock
Division created the data analysis and plotting program specifically for the analysis of
ship shock trial data. UERD Tools was used for X-Y plots and shock spectra since it is

capable of importing ASCII history files exported from ABAQUS.

The simulation process using ABAQUS/CAE is described in full detail in
Appendix D.

C. TEST DESCRIPTION OF THE ANALYSIS

The shock trials consist of two different geometries (labeled as SHOT-1 and
SHOT-2) for the charge location. These test geometries were based on typical full ship
shock tests but adapted to the appropriate size of the Sea TENTACLE model to be
investigated. A 7500 Ib TNT charge was used for UNDEX analysis of the Sea
TENTACLE model. UNDEX analysis is tracked beginning at the stand-off point, so it is
desirable to have the stand-off point located as close to the structure as possible in
ABAQUS [Ref. 22]. Therefore, the stand-off point was located at the intersection of the
midship section of the structural model and the centerline of the port hull for both shots.

1. The Attack Geometry of SHOT-1

The attack (shot) geometry in Figures 24 and 25 was used in the shock simulation
of SHOT-1 during the analysis. The offset distance from the stand-off point and the
charge depth were set to 100 m and 57 m, respectively. The standoff distance was

calculated as 113 m.
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100 1m

Figure 24. Sea TENTACLE Model Shot-1 Geometry (Transverse View)

Figure 25. Sea TENTACLE Model Shot-1 Geometry (Longitudinal View)

The UNDEX parameters with the distances given were calculated and tabulated in
Table 7. The bulk cavitation zone for the Sea TENTACLE model was calculated by
inputting the computed UNDEX parameters and the shot geometry to the MATLAB
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program in Appendix A. The largest depth in which the bulk cavitation occurs was

determined as 16 m by using the MATLAB program. The bulk cavitation region is
illustrated in Figure 26.

Table 7. UNDEX Parameters for Sea TENTACLE Model SHOT-1 Simulations
P max 700 psi
0 1.956 msec
T 0.93 sec

CAMILATION HEGIONS FOR 7500 LES 1M AL 18316 R

[
L i ]
o o

Dapth ift;

L)

B0 1000 1500 2000 2800
Dlistance [ft)

Figure 26. Bulk Cavitation Zone for SHOT-1

2. The Attack Geometry of SHOT-2
The attack (shot) geometry in Figures 27 and 28 was used in the shock simulation

of SHOT-2 during the analysis. The charge depth was set to 155.25 m and no horizontal
offset distance was applied. The standoff distance was calculated as 150.52 m.

The UNDEX parameters with the distances given were calculated and tabulated in
Table 8. The bulk cavitation zone for Sea TENTACLE model was also calculated by
using the same MATLAB program with the computed UNDEX parameters and the shot
geometry. The largest depth in which the bulk cavitation occurs was determined to be 9

m for this shot. The bulk cavitation region is illustrated in Figure 29.
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15052 m

Figure 28. Sea TENTACLE Model SHOT-2 Geometry (Longitudinal View)
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Table 8. UNDEX Parameters for Sea TENTACLE Model SHOT-2 Simulations

P max 498.94 psi
0 2.063 msec
T 0.44 sec

% CavITATION REGIONS FOR 7500 LES THT AT 508 FT
£ 900
o200
||

0 B0 1000 1500 2000 2500 2000
Distance (ft)

Figure 29. Bulk Cavitation Zone for SHOT-2

D. RAYLEIGH DAMPING COEFFICIENTS

Velocity-dependent damping is very difficult to visualize for most real structural
systems, such as sea vessels. Only a small number of structures have a finite number of
damping elements where real viscous dynamic properties can be measured. In most cases,
modal damping ratios are utilized in order to determine the approximate nonlinear

frictional energy dissipation.

Most of the inherent damping within a fabricated built-up structure occurs at the
mechanical joints due to frictional energy dissipation during the vibration of the structure.
When the contact force in bolted connection is reduced, the system vibration amplitudes
reduce by increasing joint damping capacity. Nevertheless, the great majority of joints in
naval ship structure systems are welded rather than mechanically connected, thus
reducing the energy dissipation through the welds. The naval ship systems also have
several energy dissipation sources such as long cable trays, hangers, snubbers and the
surrounding fluid coupled with the hull [Ref. 23].

Another form of damping, which is often used in the simulation of the dynamic
response of a structure, is proportional to the stiffness and mass distribution of the

structure. This damping is called Rayleigh damping. A damping matrix based on the
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physical properties of the structure is avoided by using Rayleigh damping. The
damping matrix,[C] is defined in Rayleigh damping as

[Cl=a[M]+ BIK] (4.1)
in the general expression for the equation of motion.
[MI{%} +[CI{X} +[KI{x} ={F} (4.2)

The damping coefficients « and g are pre-defined constants. The orthogonal

transformation of the damping matrix reduces the matrix [C] to the form

[¢]T [C][¢] = [Zgrwr]diag = 0{[' ] + /B[a)rz]diag (43)

Equation (4.3) on simplification reduces to

‘= l(£+ ﬂw‘j (4.4)

2\ o

It can be observed that the damping ratio is proportional to the natural frequencies
of the system. When the system has two degrees of freedom, a set of Equation (4.5) is
solved easily in order to determine the damping coefficients.

20,0, = o+ oy

20,0, =0+ Po; (45)

However, while solving a system having many degrees of freedom such as a ship,
there will be much more of a challenge to obtain the values of Rayleigh damping
coefficients, which should be valid for all the n degrees of equation. There is no simple
solution to determine the coefficients. An iteration solution is possible and this can be
obtained from the best-fit values of o and B in a particular system. Thus, the damping
coefficients can be determined by using the measured data and a least squared curve
fitting method.

A new set of Rayleigh damping coefficient values was determined by executing a
comprehensive study at NPS using the measured data taken from the DDG-53 ship shock
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trials for 2000 msec [Ref. 24]. The ship was divided into 67 area groups with 773 sensors
for the damping coefficient analysis. Measured modal response over the frequency
spectrum of interest, 0 to 250 Hz, was recorded for both the vertical and athwartship
responses. A least squares curve fit, as illustrated in Figure 30, was then applied to each
area group. Next, weighted averages were given to the area groups based on the number

of modes used in the least squares curve fitting process required to determine « and g,

which are presented in Table 9.

Table 9.  Weighted Mean Values of @ and S [Ref. 23]

Rayleigh Damping Athwartships Direction Vertical Direction
Parameters
a - value 18.4 19.2
B -value 2.82E-06 2.09E-06
1.0
09-
] B Measured
0.8 Curvefit
. |
07 g
o 06
© 4
né, 054 "=
27 :
o
g 0.4 —- .ﬁl“ = - -
Q 53

0 50 100 150 200 250
Frequency (Hz)

Figure 30. Modal Damping Ratio for Single Area Group, Vertical Direction [Ref.
23]
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As a consequence, the NPS damping coefficient values for DDG-53 were defined
as o=19.2 and F=2.09E-6 in the vertical direction while they were defined as
a =18.4 and p =2.82E-6 in the athwartships direction. The great difference in the two
damping coefficients (« and ) implies that the damping within the system is mass-
driven. Regarding the similarity of DDG-53 and DDG-81, the resulting damping
coefficient values, which were the values in the vertical direction, were used for both
since the vertical response is much larger in magnitude than the athwartships response
[Ref. 23 and 24]. Since the application of these damping coefficient values to both ships
gave very accurate response results close to ship shock trials [Ref. 24], they were used for
shock simulations of the Sea TENTACLE model as well. The same damping coefficient
values calculated for the vertical direction were assigned to all the structural solid, shell
and beam elements in the Sea TENTACLE model in ABAQUS/CAE.
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V. DATA COLLECTION AND ANALYSIS

The ship shock simulations of the Sea TENTACLE model using ABAQUS were
conducted on a workstation with two 3.06 GHz processors and 2.0 Gbytes of RAM. The

computational time for each simulation was approximately 3 days.

A spherical incident shock wave propagates gradually toward the structure. Thus,
it is apparent that the different portions of the model will exhibit different peak responses
depending on the standoff distance from the charge and angle of attack. As a result,
several different nodes throughout the model were selected in order to investigate the
overall response of the keel, sides, bulkheads and the deck between the two hulls
subjected to the UNDEX. The most accurate results were expected at the keel since it
interacted with the incident shock wave first. Thus, 8 nodes were selected (as illustrated
in Figure 31) in order to determine the response. In order to determine the effect of the
gap on the response of the model, the nodes at the main deck between the hulls were

selected as shown in Figure 31.

Node 19568
Node 13926
Node 15276 Node 9851 Node 6571
Node 11784
Node 17198
Node 18548 Node 17833 Node 16867 Node 19873

Figure 31. The location of the nodes at the keel

Equivalent nodes were selected on each hull to study the effect of the gap between
the hulls on the response, as shown in Figure 32 and 33. As shown in Figure 34, the
bulkheads nodes at the centroid were selected in order to compare the kick-off velocity

with the theoretical value.
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Node 19376

Node 3081

1 Node 6811 Node 19974

Figure 32. The Location of the Nodes at the Port Side.

Node 19376

Node 19413 Node 6415

Figure 33. The Location of the Nodes at the Starboard Side.
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Node 14137

P

Node 17409

P

Figure 34. The Location of the Nodes at the Bulkheads

The ABAQUS/Explicit model for the shock simulation had a total of 579020
active degrees of freedom including any Lagrange multiplier variables. The analysis was
run for 1.5 seconds with an average 2.818 x 10 critical time increment and 544724
solution increments. This time step was computed by ABAQUS/Explicit using element-
by-element stable time increment estimator. This element-by-element estimate is
determined by using the smallest time increment size due to the dynamic responses in

each element.

A. SHOCK WAVE PROPAGATION AND BUBBLE FORMATION

The shock wave produced by the TNT charge propagates from the source point,
impinging on and passing over the model, producing a temporally and spatially varying
load on the Sea TENTACLE model. The pressure field is affected by the reflections and
emissions from the structure as well as the incident field from the source itself. The
locations of the source and standoff points greatly effect the incident shock wave
propagation and magnitude. Two output variables were provided for acoustic pressure in
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ABAQUS. One of them is acoustic pressure (POR) and the other is absolute acoustic
pressure (PABS). POR represents the total dynamic pressure, including additional
pressure induced by the incident and scattered waves and the dynamic effects of
cavitation whereas PABS is the sum of acoustic pressure and hydrostatic pressure [Ref.

22]. The acoustic pressure magnitudes are in Pascal.

1. Shock Wave Propagation and Bubble Formation for SHOT-1

The shock wave propagation of SHOT-1 is shown in Figure 35. The maximum
shock wave pressure was calculated as 4.874 x 10° Pa or 706.9 psi which is close to the
theoretical value of 700 psi. The shock wave pressure profiles and cavitation regions are
illustrated in Figure 36 and 37 by taking a cross section of the model along the y-axis.
The spherical shape of the shock wave and the initial shock wave propagation at time
zero can be seen in Figure 35 and 36, respectively.

POR

+d. 27d=+06
+d.46T=4+086
+4. 06l=+0E
+3. E55=+08
+3. 2d%=+08
+2. 284 J=+086
+2.437=+06
+2.031a+06
+1. 6252406
+1l.2l8=+06
+8.12F=+05
+d. 06la+05
+D 000=+00

\Az

Figure 35. Shock Wave Propagation of SHOT-1

52



. 2082+08

CE63e+03

t=0sec

L 000e+00

t =4 msec

.02 Tak 06

L ode+0d

t =8 msec

Figure 36. Shock Wave Pressure Profiles and Cavitation Regions
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Figure 37. Shock Wave Pressure Profiles and Cavitation Regions (continued)
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The regions having zero pressure represent cavitation regions. As shown in Figure
36, the incident shock wave forms at time zero, followed by the initial bulk cavitation
formation. As the shock wave reaches the free surface, a tensile reflected wave is
generated. This wave decreases the pressure to negative values rapidly. When the
pressure drops off to zero, it can be stated that the cavitation is occurring and forms
directly under the structure.

The time histories of bubble expansion and migration are shown in Figure 38 and
39 respectively. The bubble oscillation period and the maximum gas bubble radius are
functions of the types and the weight of the charge and the ambient pressure [Ref. 10].
From the simulation in ABAQUS, these values were determined as 0.93 sec and 12 m,
respectively, which are almost the same as the theoretical values, 0.93 sec and 12.5 m,
calculated by using Equation 2.4 and 2.6. As shown from Figure 38 and 39, the gas
bubble rises rapidly due to the buoyancy of the bubble. Since the buoyancy force is large,
the drag force is also large. After reaching the first maximum, the bubble shrinks due to
the energy loss and starts migrating faster due to the smaller drag force. The numbers of

these oscillations depend on the bubble’s loss of energy by radiation or turbulence.

The gas bubble pressure is also shown in Figure 40. As shown in the figure, the
initial high pressure in the gas sphere decreases due to the loss of energy and falls below
the equilibrium that is defined by the atmospheric and hydrostatic pressure. When the
first bubble pulse forms, the bubble pressure rises again due to the formation of jet

Stream.
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Figure 38. Gas Bubble Expansion for SHOT-1
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Figure 39. Gas Bubble Migration for SHOT-1
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Figure 40. Gas Bubble Pressure History for SHOT-1

The pressure time history of the fluid node right under the keel is shown in Figure
41. As seen in Figure 41, the pressure rises quickly to a peak value, and then dips. After
generation of the tensile reflected wave at the free surface, the pressure drops off to zero
representing cavitation, as explained before. The second peak occurs due to the reflection
of the incident shock wave off the structural model and the other peaks occur due to the
bulk cavitation closure. The cut-off time right under the keel is determined as 3.128
msec, which corresponds well with the theoretical value 3.086 msec calculated by
Equation 5.1.

2X .
t ~——sin 5.1
cxTsing (5.1)

where x = depth to the point of interest from the surface
C = acoustic velocity in the water

¢ = angular standoff distance from the charge to the point of interest
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Figure 41. Resulting Pressure Profile Under the Keel Subjected to SHOT-1

Under the Keel |

2. Shock Wave Propagation and Bubble Formation for SHOT-2

The shock wave propagation of SHOT-2 is shown in Figure 42. The maximum
shock wave pressure was determined as 3.471 x 10° Pa or 503.4 psi, which is close to the
theoretical value, 498.94 psi. The spherical shape of the shock wave and the initial shock

wave propagation at time zero can be seen in this figure.
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Figure 42. Shock Wave Propagation of SHOT-2

The time histories of bubble expansion and migration are shown in Figure 44 and
45, respectively, while the time history of the gas bubble pressure is shown in Figure 43.
From the simulation in ABAQUS, these values were determined as 0.431 sec and 8.825
m, respectively, which are close to the theoretical values, 0.44 sec and 9.27 m, calculated
by using Equation 2.4 and 2.6. The second bubble pulse occurs at 0.8 sec and the bubble

continues to migrate, losing more energy. The cycle repeats until the total bubble energy
is emitted.

59



Pressure (Pa)

Radius (m)

GAS BUBBLE PRESSURE

1e+009

8e+008

6e+008

4e+008

2e+008

A

-2e+008

o 0.2 04 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Time (sec)
Figure 43. Gas Bubble Pressure History for SHOT-2
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Figure 44. Gas Bubble Expansion for SHOT-2
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Figure 45. Gas Bubble Migration for SHOT-2

The pressure time history of the fluid node right under the keel is shown in Figure
46. As seen in Figure 46, the pressure rises quickly to a peak value and then dips. The
other peaks occur due to the reflection off of the structure and drops off to zero
representing the cavitation or underpressure phase. The cut-off time right under the keel
is determined as 7.005 msec whereas the theoretical value is 6.2072 msec calculated by

Equation 5.1.
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B.

direction. The incident shock wave impinges on the structure with extremely high
pressure and forces the model to rapidly move upward with respect to the fluid. In Figure
47, the dominance of the velocity in the vertical direction, shown in red, is illustrated by
the selected port keel node which was subjected to SHOT-1. The response data for this
node is shown in Table 10. The trend in respond of this node was typical of all selected

nodes and therefore, the vertical velocity time histories were used primarily for the
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Figure 46. Resulting Pressure Profile Under the Keel Subjected to SHOT-2

Under the Keel |

VERTICAL VELOCITY RESPONSE

During an UNDEX event, the primary structural response is in the vertical

comparisons discussed in this thesis.

for the center of gravity of the submerged part of the hull. The estimated values for both

The average vertical kick-off velocity of the model was calculated theoretically

shots are tabulated in Table 11.
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Figure 47. Velocity History of Node 17198 in XY Z-Directions

Table 10. Peak Velocity Values of Node 17198 in XYZ-Directions

PEAK VELOCITY (m/sec)

Vertical Direction 3.26859

Athwarthships Direction | 1.56181

Longitudinal Direction 0.92079

Table 11. Calculated Average Vertical Kick-Off Velocity Values

SHOT-1 SHOT-2

Calculated Average Vertical Kick-Off Velocity (m/sec) | 1.51 1.39
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1. Vertical Velocity Response of the Model Subjected to SHOT-1

The response of the node at the center of the amidships bulkhead is shown in
Figure 48 in order to compare the kick-off velocity with the calculated one. As shown
from Figure 48, the initial velocity of Node 17409 is 2.00147 m/sec with corresponding
time 7.087 msec, which is closer to the theoretical kickoff velocity 1.51 m/sec
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Figure 48. Vertical Velocity History of Node 17409
The responses of the nodes at the port keel up to 1.5 sec are shown in Figure 49.
The vertical velocity time history of 0.2 sec is shown in Figure 50 in order to accurately

capture the response of the nodes having different radial standoff distance at the early

time. The peak vertical velocity values are tabulated in Table 12.
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Figure 49. Vertical Velocity History of Port Keel Nodes
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Figure 50. Trimmed Vertical Velocity History of Port Keel Nodes
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Table 12.  Peak Vertical Velocity Values for Port Keel Nodes

Peak Velocity (m/sec) Time (msec)
Node 17198 3.26859 0.22825
Node 16867 3.55323 3.26838
Node 17833 3.86921 3.22969

The node at amidships, Node 17198 reaches its maximum vertical velocity before
the other two nodes since it is closer to the charge. The other nodes at the bow and stern
have approximately the same standoff distance, so they exhibit very similar behavior and

reach their peak values almost at the same time.

As shown from Figure 51, Node 17198 exhibits high frequency oscillation
whereas the other nodes exhibit low frequency oscillation, as expected. Since the incident
shock wave pressure gradually increases, it should be expected that the nodes closer to
the charge will exhibit high frequency oscillation and take a shorter time to be damped.
Nodes 16867 and 17833, having a greater radial standoff distance than Node 17198 show
signs of being slightly over damped.

The responses of the nodes at the starboard keel are shown in Figure 51 and the
peak vertical velocity values are tabulated in Table 13. As shown from Figure 51, the
nodes at the starboard keel respond with a shift in the time and exhibit lower vertical
velocity compared to the port keel nodes since the charge is located off the port side.
Similarly with the responses of port keel nodes, the node at amidships, Node 13926
reaches its maximum vertical velocity before the other two nodes since the radial standoff
distance is smaller than that of the other nodes; Node 19568 and 15276 exhibit very
similar behavior and reach their peak values almost at the same time due to the fact that

they have approximately same standoff distance.

66




Vertical VVelocity (Im/sec)

|
=

I
N

VERTICAL VELOCITY

Nodes at Starboard Keel

=
S

AN .

AAL T

-‘_‘_‘_‘—|—|_
—
‘E

=]

(O] 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2

Time (sec)

Node 13926

Node 19568

Node 15276 |

Figure 51. Vertical Velocity History of Starboard Keel Nodes
Table 13.  Peak Vertical Velocity Values of Starboard Keel Nodes
Peak Velocity (m/sec) Time (msec)
Node 13926 2.35073 14.893
Node 19568 1.53037 19.864
Node 15276 1.72117 20.075

The responses of the nodes at the port side are shown in Figure 52 in order to

compare the response of the nodes having the same horizontal standoff distance but

different vertical standoff distance. The peak vertical velocity values are tabulated in

Table 14.
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Figure 52.  Vertical Velocity History of Port Side Nodes

Table 14. Peak Vertical Velocity Values of Port Side Nodes

Peak Velocity (m/sec) Time (msec)
Node at Hull (19019) 0.81549 5.4448
Node at Main Deck (10167) | 0.724138 7.2190
Node at Deck 01 (3917) 0.943624 7.3323

Node 19019 reaches its maximum vertical velocity first since it is closer to the

charge than the other nodes. The nodes located higher in the structure make the

prediction of the response more dependent on the structural model and structural

damping. Thus, the mass and stiffness distribution must be considered.

As shown from Figure 52, the node closest to the charge exhibits higher

frequency oscillations whereas the other nodes exhibit lower frequency oscillations.

When the shock wave energy propagates upward to the main deck, higher frequency
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motion of the model is attenuated by structural damping of the ship and lower frequency
oscillations become dominant. Since the nodes are not too far away from each other, the

oscillation difference is not so apparent. Thus they exhibit very similar behavior.

As far as the differences in the vertical velocities of nodes are concerned, it can be
observed that Node 3917, which is located at deck 01, has the greatest vertical velocity
among the other compared nodes due to the fact that the deck 01 is less stiff and lighter in

weight than the main deck and the hull.

The responses of the nodes at the starboard side are shown in Figure 53 in order to
compare the responses with the responses of the equivalent port side nodes, and the peak
vertical velocity values are tabulated in Table 15.
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Figure 53. Vertical Velocity History of Starboard Side Nodes

Table 15.  Peak Vertical Velocity Values for Starboard Side Nodes

Peak Velocity (m/sec) Time (msec)
Node at Hull (14005) 1.0315 12.1482
Node at Main Deck (9455) | 1.04047 13.5689
Node at Deck 01 (1426) 1.16235 15.1471
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Node 14005 reaches its maximum vertical velocity first since it is closer to the
charge than the other nodes, and exhibits higher frequency oscillations whereas the other

nodes exhibit a little lower frequency oscillation, as expected.

The starboard side nodes exhibit greater vertical velocities compared to those of
the equivalent port side nodes due to the interaction with the deck between the hulls, but
need more time to reach the peak values and damp due to the greater standoff distance.

The response of the node at the main deck between the hulls is shown in Figure

54 in order to analyze the effect of the gap between the hulls on the response.
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Figure 54. Vertical Velocity History of Node 9851
Node 9851 of the main deck is located at the intersection of the centerline and the
midship line, which does not interact with the fluid mesh but with the air gap. This node
is approximately aligned at the same horizontal line as the standoff point. The response
shows different behavior from the other responses. The node exhibits several oscillations
with low frequency and settles down very slowly compared to other nodes. The incident
shock wave propagates gradually until it reaches the free surface. At the free surface, the
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shock wave pressure drops to zero and atmospheric pressure becomes dominant.
Therefore, it can be stated that there is no vertical pressure or impact, generated by the
incident shock wave, occurring on the main deck at the gap. Since the node is not
connected to any other node at one face, the response just depends on the laterally and
longitudinally connected structural nodes, so Node 9851 responds at a later time and
generates several low frequency oscillations with a lower peak vertical velocity, 0.8796
m/sec.

The responses of the nodes at the fore of the model are shown in Figure 55 in
order to compare the response of the nodes coupled with the fluid mesh and uncoupled
with the fluid mesh. The peak vertical velocity values are tabulated in Table 16.
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Figure 55.  Vertical Velocity History of the Fore Nodes

Table 16. Peak Vertical Velocity Values for the Fore Nodes

Peak Velocity (m/sec) Time (msec)
Node at Port Hull (6811) | 1.8142 15.6947
Node at Main Deck (6571) | 0.9633 23.6415
Node at Starboard Hull | 1.45478 25.7870
(6415)
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As shown from Figure 55, the node at port hull reaches its maximum vertical
velocity before the other two nodes and shows more oscillations than the other nodes due
to the fact that it is the closest node to the charge. The responses of the nodes exhibit
similar behavior with a small time shift, as expected. The nodes damp almost at the same

time because they are close to each other.

Since Node 6571 is not coupled with the fluid mesh and there is no occurrence of
vertical incident shock impact on the node, it has the smallest peak velocity among the
compared nodes.

2. Vertical Velocity Response of the Model Subjected to SHOT-2

The response of the node at the center of the midships bulkhead of the port hull is
shown in Figure 56 in order to compare the kick-off velocity with the calculated one. The
initial velocity of Node 17409 is 1.315 m/sec, with corresponding time 1.223 msec,
which almost corresponds to the theoretical kickoff velocity 1.392 m/sec.
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Figure 56. Vertical Velocity History of Node 17409

The responses of the nodes at the fore of the model are shown in Figure 57 in
order to compare the response of the nodes coupled with fluid mesh and uncoupled with
the fluid mesh. The peak vertical velocity values are tabulated in Table 17. As shown
from the figure, the nodes exhibit a distinctive rise in vertical velocity at the time of the
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bubble pulse formations, such as time 0.43, 0.8 and 1.18 sec, due to the rise in bubble
pressure. In order to analyze the responses accurately, the trimmed vertical velocity time

histories are generated as in Figure 58.
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Table 17.  Peak Velocity Values of Fore Nodes

Peak Velocity (m/sec) Time (msec)
Node at Port Hull (6811) 2.88399 14.8310
Node at Main Deck (6571) 2.00497 21.8718
Node at Starboard Hull 2.39654 15.3685
(6415)

As shown from Figure 58, the node at port hull reaches its maximum vertical
velocity before the other two nodes and shows more oscillation than the other nodes due
to the fact that it is the closest node to the charge. The nodes damp almost at the same
time because they are close to each other.

The behavior of the nodes subjected to SHOT-2 is similar to the behavior
subjected to SHOT-1. The difference is that they have higher peak vertical velocities at
the fore of the model and need more time to damp when subjected to SHOT-2. Node
6571 exhibits the smallest peak velocity among the compared nodes due to the same

reason explained in Section 1.

The responses of the nodes at the port keel are shown in Figure 59 in order to
compare the response of the nodes having different radial standoff distance. The peak
vertical velocity values are tabulated in Table 18.

As shown from Figure 59, the node at midships, Node 17198 reaches its
maximum vertical velocity before the other two nodes since it is closer to the charge. The
other nodes at the bow and stern have approximately the same standoff distance, so they
exhibit very similar behavior and reach their peak values almost at the same time. Node
17198 exhibits high frequency oscillation whereas the other nodes exhibit low frequency

oscillation, as expected.
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Figure 59. Vertical Velocity History of Port Keel Nodes
Table 18.  Peak Vertical Velocity Values of Port Keel Nodes
Peak Velocity (m/sec) Time (msec)

Node 17198 1.78315 4.85236
Node 17833 3.74692 1.07925
Node 16867 3.85908 1.29341

The responses of the nodes at the port side are shown in Figure 60 and the peak
vertical velocity values are tabulated in Table 19.
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Figure 60. Vertical Velocity History of Port Side Nodes
Table 19. Peak Vertical Velocity Values of Port Side Nodes
Peak Velocity (m/sec) Time (msec)

Node 19019 0.5709 1.36949
Node 10167 0.5415 3.22078
Node 3917 0.6037 5.45572

Node 19019 reaches its maximum vertical velocity first since it is closer to the
charge than the other nodes and exhibits higher frequency oscillations. The other nodes at
the bow and stern have very similar behavior and reach their peak values almost at the
same time, as expected. As shown in Table 19 Node 3917, which is located at deck 01,
has the greatest vertical velocity among the other compared nodes due to the fact that
Node 3917 has more structural support from the bottom and the upper deck is less stiff

and lighter in weight than the other decks.
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The port side nodes have lower vertical velocity and less time to reach the peak

velocity compared to the responses subjected to SHOT-1 due to greater radial standoff

distance.

The responses of the nodes at the starboard side are shown in Figure 61 and the

peak vertical velocity values are tabulated in Table 20.
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Figure 61. Vertical Velocity History of Starboard Nodes
Table 20. Peak Vertical Velocity Values of Starboard Nodes
Peak Velocity (m/sec) Time (msec)

Node 14005 1.07169 1.75554
Node 9455 0.92907 3.83511
Node 1426 0.94686 5.73069

Node 14005 reaches its maximum vertical velocity first since it is closer to the

charge than the other nodes, and exhibits higher frequency oscillations whereas the other

nodes exhibit a little lower frequency oscillation, as expected.

The starboard side nodes have similar vertical velocity but need more time to

reach the peak velocity compared to the responses of the nodes subjected to SHOT-1.
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C. ATHWARTSHIPS AND LONDITUDINAL RESPONSE

Even though the major excitement is in the vertical direction, the athwartships and
longitudinal velocity response of several nodes is also included in order to implement the
UNDEX analysis of the Sea TENTACLE model. In this section, only SHOT-1 will be
considered.

The athwartships velocity time histories of Node 17409, which is located at the
midships bulkhead of the port hull are shown in Figure 62 and 63. In Figure 63, the
velocity time history is trimmed to 0.6 sec in order to accurately capture the response of
the node. The peak athwartships velocity of Node 17409 is determined to be 0.9218

m/sec corresponding to time 13.8819 msec.
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Figure 62. Athwartships Velocity History of Node 17409
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Figure 63. Trimmed Athwartships Velocity History of Node 17409

As shown from Figure 63, the node first gets the negative values that represent the
values in the same direction of the shock wave based on the coordinate system of the
model, as expected. Then, it reaches the equilibrium point and exhibits positive velocity

values that represent the values in the opposite direction of the shock wave.

Node 17409 exhibits very high frequency oscillations at an early time. After time
0.14 msec, the node tends to fluctuate with a lower frequency and damp. The peak

athwartships velocity value is 54% lower than that of the peak vertical velocity.

The longitudinal response of Node 17409 is shown in Figure 64. The peak
longitudinal velocity of Node 17409 is 0.4133 m/sec corresponding to time 15.9281

msec.
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Figure 64. Longitudinal Velocity History of Node 17409

As shown from Figure 64, the node first gets the negative values that represent the
values in the fore direction of the model depending on the coordinate system of the
model. Then, it reaches the equilibrium point and exhibits positive velocity values that

represent the values in the aft direction of the model.

According to the responses of Node 17409 in all directions, it can be stated that
they dampen out almost at the same time and exhibit a similar number of oscillations.

The peak longitudinal velocity value is 79% lower than that of the peak vertical velocity.

The athwartships responses of the nodes at the port keel are shown in Figure 65

and the peak athwartships velocity values are tabulated in Table 21.
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Figure 65. Athwartships Velocity History of Keel Nodes
Table 21. Peak Athwartships Velocity Value of Keel Nodes
Peak Velocity (m/sec) Time (msec)
Node 17198 1.56181 15.0485
Node 16867 1.06659 34.6506
Node 17833 1.26544 21.1943

Since the node amidships, Node 17198 is closer to the charge, it reaches its

maximum vertical velocity before the other two nodes and exhibits high frequency

oscillation whereas the other nodes exhibit low frequency oscillation, which is the same

as the responses in the vertical direction.

Nodes 16867 and 17833 have approximately the same standoff distance, so they

exhibit very similar behavior and dampen out almost at the same time. According to

Table 21, the peak athwartships velocity values are approximately 52% lower than those

of the peak vertical velocity. The longitudinal responses of the nodes at the port keel are

shown in Figure 66 and the peak longitudinal velocity values are tabulated in Table 22.
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Figure 66. Longitudinal Velocity History of Keel Nodes

Table 22.  Peak Longitudinal Velocity Values of Keel Nodes

Peak Velocity (m/sec) Time (msec)
Node 17198 -0.92106 10.7091
Node 16867 -0.85754 14.1221
Node 17833 1.33261 13.4016

The behavior of the nodes in the longitudinal direction is also similar to the
behavior in the vertical and athwartships direction. Node 17198 exhibits the higher
frequency oscillation and reaches the peak values first whereas the other nodes exhibit
lower frequency oscillation due to the standoff distance. According to Table 22, the peak
longitudinal velocity values are approximately 72% lower than those of the peak vertical

velocity.

The athwartships response of Node 9851 which is at the main deck between the
hulls is shown in Figure 67 and the peak athwartships velocity of Node 9851 was

determined to be 0.3838 m/sec corresponding to time 26.3771 msec.
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Figure 67. Athwartships Velocity History of Node 9851

Since Node 9851 does not interact with the fluid mesh directly, it exhibits several
oscillations with lower frequency and lower velocity, and settles down very slowly
compared to other nodes. As shown from Figure 67, the node fluctuates with very small
velocity at an early time. After time 25 msec, the node achieves higher velocity and starts
to oscillate. This is due to the fact that the response of Node 9851 depends on the

connected structural nodes. Therefore, it exhibits the peak values at a later time.

It can be stated that the behavior in this direction is very similar to the behavior in
the vertical direction, but the peak athwartships velocity of Node 9851 was determined to
be 0.3838 m/sec corresponding to time 26.3771 msec, which is 56% lower than the peak

vertical velocity. The longitudinal response of Node 9851 is shown in Figure 68.
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Figure 68. Longitudinal Velocity History of Node 9851

As shown from Figure 68, Node 9851 damps in the longitudinal direction earlier
than it does in the other directions and the peak longitudinal velocity value, 0.2722 m/sec,

is 69% lower than that of the peak vertical velocity.

According to the velocity history of all 14 nodes, the longitudinal response is 60%
and the athwartships response is 48% lower than the vertical response. As a consequence,
the vertical response is dominant to the responses in other directions as it was also
determined to be the dominant response in previous monohull ship simulations. Because
of the determined fact, the vertical response was of considerable interest. Even though the
vertical response is dominant, the longitudinal and athwartships responses greatly depend

on the geometry of attack.
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D. SHOCK SPECTRA ANALYSIS

The shock spectrum is the peak absolute response of undamped single degree-of-
freedom produced by a shock loading with respect to the natural frequency. It is assumed
that the shock pulse is applied as a common base input. The peak value of the response is
selected from determined response time history. Then, the peak response values over a
range of frequencies are determined by varying the natural frequency and shock spectra is
formed. [Ref. 10] A shock spectrum is simply a graph of maximum response versus
frequency. Since the vertical velocity was dominant as explained in previous sections,

then the vertical time history of the nodes was used as the input in this thesis.

Evaluating the data presented in the shock spectra plot is essential for
understanding the physical behavior of an UNDEX event. Since the shock spectra reduce
the complexity to a simple measure, it is easier to compare the response in the frequency
domain than in the time domain, especially at lower natural frequencies of the structure.
There is also no need to consider a wide range of velocity values since the shock spectra
are generated in terms of velocity and thus, just considering the frequency range will be
enough. Consequently, the shock spectrum is a useful tool for easily estimating the
damage potential of a shock pulse.

In the shock spectra plot, both axes are in logarithmic scale. The y-axis is called
“Pseudo Velocity” instead of vertical velocity because all quantities, determined by using
a single degree of freedom system, are exact only if the peak responses occur after the
shock pulse has passed. The diagonal and off-diagonal axes indicate the absolute relative
displacement and acceleration. In order to read the absolute relative acceleration and
displacement response at a desired frequency, the point at the intersection of the curve
and frequency should follow the diagonal axis and off-diagonal axis, respectively. The
values of the relative displacement and acceleration are shown in logarithmic scale at the
top and right sides of the plot.

UERD Tools, which is capable of generating shock spectra practically, was used
in order to create the shock spectra plots of the Sea TENTACLE model.
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1. Shock Spectra Plots of SHOT-1

Shock spectra of port side nodes subjected to SHOT-1, shown in Figure 69, were
generated by averaging the shock spectra of all 15 nodes at the port side of the model.
Similarly, shock spectra of starboard side and main deck between the hulls were
generated by averaging the response of all 13 and 5 nodes, respectively. The plots are
shown in Figure 70 and 71. Maximum pseudo velocity values of the model and

corresponding frequencies are tabulated in Table 23.

According to the figures, the frequency range 1-5 Hz can be defined as the
fundamental frequency that corresponds to the hull response. The frequency range
between 5-50 Hz is essential for mechanical equipment such as engines, pumps, and
auxiliary mechanical systems whereas the frequency higher than 100 Hz is essential for

electrical equipments such as radar, sonar and control systems.

Shock spectra of all three decks exhibit gradually rise in amplitude without
oscillations up to 5 Hz which is defined as the fundamental frequency. As the frequency
increases, the shock spectra plots of starboard and port sides display rise in amplitude
with some oscillations while the shock spectra of the deck between the hulls exhibit
oscillations between 1 and 2 m/sec amplitude. Above 40 Hz, the responses of the
starboard and port sides tend to fluctuate much more and the peak pseudo velocity values
occur, which was also encountered at the previous simulation of the monohull ships. As
far as the shock spectra of the deck between the hulls are concerned, the peak values
occur between 10 and 40 Hz. Generally, it can be stated that the peak values occur at the
intermediate level of frequency for the deck between the hulls whereas they occur at the

high level of frequency for the port and starboard sides.
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Figure 69. Averaged Shock Spectra of Port Side (SHOT-1)
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Figure 70. Averaged Shock Spectra of Starboard Side (SHOT-1)
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Figure 71. Averaged Shock Spectra of Deck Between the Hulls (SHOT-1)

Table 23.  Maximum Pseudo Velocity Values of Model Subjected to SHOT-1
MAXIMUM PSEUDO | CORRESPONDING
VELOCITY (m/sec) FREQUENCY (Hz)

Port Side 4.326 48
Starboard Side 3.541 45
Deck between the Hulls | 2.045 18

2. Shock Spectra Plots of SHOT-2

Shock spectra of port side nodes subjected to SHOT-2, shown in Figure 72, were
generated by averaging the shock spectra of all 15 nodes at the port side of the model.
Similarly, shock spectra of starboard side and main deck between the hulls were
generated by averaging the response of all 13 and 5 nodes, respectively. The plots are
shown in Figure 73 and 74. Maximum pseudo velocity values of the model and

corresponding frequencies are tabulated in Table 24.
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Figure 72. Averaged Shock Spectra of Port Side (SHOT-2)
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Figure 73. Averaged Shock Spectra of Starboard Side (SHOT-2)
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Figure 74. Averaged Shock Spectra of Deck Between the Hulls (SHOT-2)

Table 24. Maximum Pseudo Velocity Values of Model Subjected to SHOT-2

MAXIMUM PSEUDO | CORRESPONDING
VELOCITY (m/sec) | FREQUENCY (Hz)

Port Side 6.748 48
Starboard Side 6.405 48
Deck between the Hulls | 4.652 56

According to the shock spectra plots of the model subjected to SHOT-2, the peak
values occur between 40 Hz and 70 Hz with higher frequency oscillations compared to
SHOT-1 results, as expected. Above 70 Hz, the shock spectra plots display a downward
trend, which was also encountered during previous simulations of the monohull ships.
Generally, it can be stated that the peak values occur at the high level of frequency for the

deck between the hulls, the port and starboard sides.
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V1. CONCLUSION AND RECOMMENDATIONS

This thesis investigated the computer modeling and simulation of a catamaran-
hull ship subjected to an underwater explosion. The shock simulation of Sea
TENTACLE, the 2005 TSSE interdisciplinary team design, was executed using
ABAQUS finite element solver. Of particular concern in this thesis was the effect of the
gap between the hulls, which was not coupled with fluid mesh, on the response of the
model. Two shots were generated and presented in order to analyze the ship’s response to
underwater explosions with different attack geometries. Time histories and shock spectra

plots of selected nodes were also presented.

From this study, it was determined that the kick-off velocities and cut-off times
obtained from the simulation in ABAQUS correspond well with the calculated values.
The simulation also introduced a smooth gas bubble time history that matches with the

theoretical Geers-Hunter bubble model.

As far as the response of the deck between the hulls is concerned, it was observed
that it exhibited several irregular low frequency oscillations and settled down very
slowly. Since the incident shock wave did not interact with the deck directly, the response

of the deck was dependent on the responses of the connected port and starboard sides.

For both shots the port hull, which was closer to the charge, behaved like the
well-studied monohull ship. The starboard hull can be defined as a secondary hull which
received an additional impact from the deck in additional to the direct shock from the
wetted surface. It showed similar behavior to port hull but with a distinct time shift. The

similar response of both hulls was evident in the time history and shock spectra plots.

Additionally, this study examined the role of the responses in different directions.
According to the time history of selected nodes, it was determined that the longitudinal
response was 60% and the athwartships response was 48% lower than the vertical
response. Thus, it can be stated that the vertical response is also dominant in catamaran
hull ships’ response.
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Recommendations for areas of additional study:

1.

In order to increase accuracy of the response, modeling the surrounding fluid
with a more homogenous hexahedral element mesh is suggested in place of
the tetrahedral fluid mesh used herein. In order to achieve this, the fluid

geometry should be carefully partitioned before meshing.

To fully evaluate the results of the simulation, the simulated responses should
be compared with the results from the shock trial of the actual ship. Since the
Sea TENTACLE model is not an actual ship, the comparison with the results

of the shock trial of a similarly sized catamaran hull ship is recommended.

This thesis investigated the far field UNDEX, so the bottom reflection was not
taken into consideration. In shallow water reflection of the incident shock
wave off the sea bottom cannot be neglected. Therefore, it is recommended
that the shock simulation of the Sea TENTACLE model in shallow waters
should be conducted.
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APPENDIX A. MATLAB PROGRAM CODE FOR BULK
CAVITATION ZONE

The following MATLAB code was written using MATLAB® 6.5 Release 13.
This code calculates the bulk cavitation zone boundaries and plots a visualization of the
bulk cavitation region depending on the user’s input. For different aspects of comparison,
the user can select the analysis type first, as shown in Figure 75. According to the
analysis type, the user has several options to select the charge type, the charge weight, the
charge depth, and the vertical and horizontal distances of interest.

This program was used to calculate the bulk cavitation zone for the Sea
TENTACLE model.

J MENU o]

SELECT THE AMALYSIS TvFPE

ANaLYSIS OF ExPLOSIYE TYPE EFFECT WITH SAME WEIGHT AND DEFPTH

AMALYSIS OF CHARGE WEIGHT EFFECT

AMaLYSIS OF CHARGE DEFTH EFFECT

) MENU EIEXI - neur X
SELECT THE FIRST EXFPLOSIWE TvPE ) )
Hotizontal Distance ()
HE-1 |
NT \|-"er‘t||:al Distance (ft)
PETH Chiarge Weight (k=)
MUKE
Charge Depth ()
] | Cancel |

Figure 75. MATLAB Program Interfaces
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% cav_zone.m by Hakan UCAR Ltjg., Turkish Navy
% Determining the bulk cavitation
% VARIABLES: W Charge weight

% D Charge depth
% ri Radial standoff distance
% r2 Image radial standoff distance

% P1 : Incident pressure at cut-off

% P2 Image pressure at cut-off
% Pa Atmospheric pressure
% Pd Hydrostatic pressure
% theta Decay rate constant

clc; clear all;
m=menu(® SELECT THE ANALYSIS TYPE ~,"ANALYSIS OF EXPLOSIVE TYPE EFFECT
WITH SAME WEIGHT AND DEPTH","ANALYSIS OF CHARGE WEIGHT EFFECT
","ANALYSIS OF CHARGE DEPTH EFFECT®)
ifm==1;

nl=menu("” SELECT THE FIRST EXPLOSIVE TYPE ", "HBX-
1%, "TNT","PETN", "NUKE");

n2=menu(" SELECT THE SECOND EXPLOSIVE TYPE ", "HBX-
1°,"TNT", "PETN", "NUKE") ;

if nl ==
K1 = 22347.6; % Pmax coefficient
Al = 1.144; % Pmax coefficient
K2 = 0.056; % Decay constant coefficient
A2 = -0.247; % Decay constant coefficient
charge="HBX-1";
end
if nl ==
K1 = 22505;
Al = 1.18;
K2 = 0.058;
A2 = -0.185;
charge="TNT";
end
if nl == 3
K1 = 24589;
Al = 1.194;
K2 = 0.052;
A2 = -0.257;
charge="PETN";
end
ifnl==14
K1 = 4_38E+06;
Al = 1.18;
K2 = 2.274;
A2 = -0.22;
charge="NUKE" ;
end
data = { "Horizontal Distance (ft)-",...

"Vertical Distance (ft) *,...

"Charge Weight (lbs)",...

"Charge Depth (ft)"};
input_data = inputdlg(data, "INPUT",1);
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str2num(char(input_data(1)));
str2num(char(input_data(2)));
str2num(char (input_data(3)));
str2num(char (input_data(4)));

O=<I
I

depth=zeros(V,H);

c=5.078;

i=0;

for y=1:(V+1)
for x=1:(H+1)

ri=sqrt((D - (y-1))"2 + (x-1)"2);
r2=sqrt((D + (y-1))"2 + (x-1)"2);
theta = K2*(WA(L/3))*((QWA(1/3))/r1)N(A2));
P1=(K1*(WN(1/3)/rDNMNAL)))*(exp(-(r2 -rl)/(c*theta)));
Pa=14.7;
Pd=0.4443680556*(y-1);
P2=—-(K1*((WN(1/3)/r2)"(AL)));
% Upper boundary
F=P1L+ Pa+ Pd + P2;
gl=-P1/(c*theta)*(1 + (((r2 - 2*D*((D+(y-1))/r2))/rl)

*((A2*r2/r1)-A2-1)));
g2=-(A1*P1/r1"2)*(r2-2*D*((D+y-1)/r2));
g3=(0.4443680556*((D+y-1)/r2));
g4=((Al/r2)*(P1+Pa+Pd));
% Lower boundary
G = gl+g2+g3+g4;

iFF<0&G<O0;
depth(y,x)=1;
end
end
end
figure(l)
subplot(2,1,1)
imagesc(depth)
title(["CAVITATION REGIONS FOR *",num2str(W)," 1Ib “,charge,” AT
",num2str(D)," ft "]
ylabel ("Depth (ft)*")
axis equal
axis([O H 0 VD

hold on;
ifn2==1
K1 = 22347.6;
Al = 1.144;
K2 = 0.056;
A2 = -0.247;
charge="HBX-1";
end
ifn2==2
K1 = 22505;
Al = 1.18;
K2 = 0.058;
A2 = -0.185;
charge="TNT";
end
if n2 ==
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K1 = 24589;
Al = 1.194;
K2 = 0.052;
A2 = -0.257;
charge="PETN";
end
ifn2 ==4
K1 = 4380000;
Al = 1.18;
K2 = 2.274;
A2 = -0.22;

charge="NUKE" ;

end

depth2=zeros(V,H);

c=5
for

-078;
y=1:(V+1)
for x=1:(H+1)
rl=sqrt((D - (y-1))"2 + (x-1)"2);
r2=sqret((D + (y-1))"2 + (x-1)"2);
theta = K2*(WAN(L/3))*(((WA(1/3))/r1)N(A2));
P1=(K1*(WN(1/3)/rD(AD))*(exp(-(r2 -rl)/(c*theta)));
Pa=14.7;
Pd=0.4443680556*(y-1);
P2=- (K1*((WN(1/3)/r2)"(A1)));
F=P1L+ Pa+ Pd + P2;
gl=-P1/(c*theta)*(1 + (((r2-2*D*((D+(y-1))/r2))/r1)* ((A2*

r2/r1)-A2-1)));

end

fi
su
im

g2=-(A1*P1/r172)*(r2-2*D*((D+y-1)/r2));
g3=(0.4443680556*((D+y-1)/r2));
g4=((A1l/r2)*(P1+Pa+Pd));

G = gl+g2+g3+g4;

iFF<0&GK<DO;
depth2(y,x)=1;
end
end

gure(1)
bplot(2,1,2)
agesc(depth2)

title(["CAVITATION REGIONS FOR *",num2str(W),*" 1Ib ~,charge,*
" ,num2str(D)," ft *])

x1

vyl

ax

ax

ho
end

ifm-==

n=menu(

ifn==
K1
Al
K2

abel (" RED REGION IS CAVITATION REGION ")
abel ("Depth (ft)*")

is equal

is(JO H 0 V]

Id on;

2;

" SELECT THE EXPLOSIVE TYPE *,"HBX-1","TNT","PETN",*NUKE");
1

22347.6;

1.144;

0.056;
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A2 = -0.247;
charge="HBX-1";

end
ifn==2
K1 = 22505;
Al = 1.18;
K2 = 0.058;
A2 = -0.185;
charge="TNT";
end
ifn==
K1 = 24589;
Al = 1.194;
K2 = 0.052;
A2 = -0.257;
charge="PETN";
end
ifn==14
K1 = 4_38E+06;
Al = 1.18;
K2 = 2.274;
A2 = -0.22;
charge="NUKE" ;
end
data = { "Horizontal Distance (ft)",...

"Vertical Distance (ft) *,...
"Charge Weight-1 (lbs)", ...
"Charge Weight-11 (Ibs)*,...
"Charge Weight-111 (lbs)*",...
"Charge Depth (ft)"};

input_data = inputdlg(data, "INPUT",1);

H = str2num(char(input_data(l)));

V = str2num(char(input_data(2)));

W1 = str2num(char(input_data(3)));
W2 = str2num(char(input_data(4)));
W3 = str2num(char(input_data(5)));

D = str2num(char(input_data(6)));

depth=zeros(V,H);
c=5.078;
i=0;
i=0;
Gamma = 63.989/144;
for W=[w1 w2 w3]
i=i+l;
for y=1:(V+1)
for x=1:(H+1)
rl=sqrt((D - (y-1))"2 + (x-1)"2);
r2=sqrt((D + (y-1))"2 + (x-1)"2);
theta = K2*(WA(L/3))*(((WN(L/3))/rDHN(A2));
P1=(K1*(WN(1/3)/rDN(AD))*(exp(-(r2 -rl)/(c*theta)));
Pa=14.7;
Pd=0.4443680556*(y-1);
P2=—-(K1*((WN(1/3)/r2)"(AL)));
F=P1L + Pa+ Pd + P2;
gl=-P1/(c*theta)*(1 + (((r2 - 2*D*((D+(y-1))/r2))/r1)
*((A2*r2/r1)-A2-1)));
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end

", nu

", nu

", nu

end

g2=-(A1*P1/r1"2)*(r2-2*D*((D+y-1)/r2));
03=(0.4443680556*((D+y-1)/r2));
g4=((A1l/r2)*(P1+Pa+Pd));

G = gl+g2+g3+g4;

ifF<0&G<DO;
depth(y,x)=1;
end
end
end
temp(:,:,i)=depth;

figure(l)

subplot(3,1,1)
imagesc(temp(:,:,1))
title(["CAVITATION REGIONS FOR
m2str(D)," ft "])

ylabel ("Depth (ft)*")

axis equal

axis(J[JO H 0 VD

subplot(3,1,2)
imagesc(temp(:,:,2))
title(["CAVITATION REGIONS FOR
m2str(D)," ft ")

ylabel ("Depth (ft)*)

axis equal

axis(J[O H 0 V]

subplot(3,1,3)
imagesc(temp(:,:,3))
title(["CAVITATION REGIONS FOR
m2str(D)," ft "])

ylabel ("Depth (ft)*")

", num2str(wi), "

* ,num2str(W2), -

", num2str(wW3), -

Ib ",charge,” AT

Ib ",charge,” AT

Ib ",charge,” AT

xlabel (" RED REGION IS CAVITATION REGION *)

axis equal
axis(J[JOo H 0O VD

ifm==3;

n=menu(® SELECT THE EXPLOSIVE TYPE

ifn=1
K1 = 22347.6;
Al = 1.144;
K2 = 0.056;
A2 = -0.247;
charge="HBX-1";
end
ifn==2
K1 = 22505;
Al = 1.18;
K2 = 0.058;
A2 = -0.185;
charge="TNT";
end
ifn==
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K1 = 24589;
Al = 1.194;
K2 = 0.052;
A2 = -0.257;
charge="PETN";
end
ifn==14
K1 = 4_38E+06;
Al = 1.18;
K2 = 2.274;
A2 = -0.22;
charge="NUKE" ;
end
data = { “Horizontal Distance (ft)",...

"Vertical Distance (ft) ",...
"Charge Depth-1 (ft)-,...
"Charge Depth-I11 (ft)~", ...
"Charge Depth-111 (ft)",...
"Charge Weight (1bs)"};
input_data = inputdlg(data, "INPUT",1);
H = str2num(char(input_data(l)));
V = str2num(char(input_data(2)));

D1 = str2num(char(input_data(3)));
D2 = str2num(char(input_data(4)));
D3 = str2num(char(input_data(5)));

W = str2num(char(input_data(6)));
depth=zeros(V,H);

c=5.078;

i=0;

for D=[D1 D2 D3]
i=i+l;
for y=1:(V+1)
for x=1:(H+1)
rl=sqrt((D - (y-1))"2 + (x-1)"2);
r2=sqre((0 + (y-1))"2 + (x-1)"2);
theta = K2*(WA(L/3))*((WA(L/3))/r1)N(A2));
P1=(K1*(WN(1/3)/rD)N(AL))*(exp(-(r2 -rl)/(c*theta)));
Pa=14.7;
Pd=0.4443680556*(y-1);
P2=-(K1*((WN(1/3)/r2)"(AL)));
F =Pl + Pa+ Pd+ P2;
gl=-P1/(c*theta)*(1 + (((r2 - 2*D*((D+(y-1))/r2))/r1)
*((A2*r2/r1)-A2-1)));
g2=-(A1*P1L/r1"2)*(r2-2*D*((D+y-1)/r2));
03=(0.4443680556* ((D+y-1)/r2));
g4=((A1l/r2)*(P1+Pa+Pd));
G = gl+g2+g3+g4;

iFF<0&G<O;
depth(y,x)=1;
end
end
end
temp(:,:,i)=depth;
end
figure(1)
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subplot(3,1,1)
imagesc(temp(:,:,1))
title(["CAVITATION REGIONS FOR

",num2str(D1)," ft "]

ylabel ("Depth (ft)")
axis equal
axis(JO H 0 VD

subplot(3,1,2)
imagesc(temp(:,:,2))
title(["CAVITATION REGIONS FOR

", num2str(D2)," ft 1

ylabel ("Depth (ft)")
axis equal
axis([O H 0 VD

subplot(3,1,3)
imagesc(temp(:,:,3))
title(["CAVITATION REGIONS FOR

", num2str(D3)," ft "1

end

ylabel ("Depth (ft)")

", num2str(wW), "

", num2str(w), "

", num2str(W), "

xlabel (" RED REGION IS CAVITATION REGION *)

axis equal
axis(JO H 0 VD
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APPENDIX B. STRUCTURAL MODELING OF SEA TENTACLE

MODEL USING TRUEGRID

This appendix covers the detailed process for creating the structural finite element
mesh of the Sea TENTACLE model by using TrueGrid’s part feature BLOCK command
and PROJECTION method that projects the nodes onto the surface.

The BLOCK command, which is used in part phase, is the standard way to
generate parts in TrueGrid. By using the PROJECTION command, TrueGrid

automatically places the edges of the block along intersections of the surfaces and the

corners at the intersection of the surfaces. The intent of this appendix is not to serve as a

tutorial since the familiarity of the code is assumed. Additional information can be found

in the TrueGrid user manual [Ref. 21].

The part generation procedure is described as follows. The important commands

and menu selections are denoted in bold and in all capital letters for emphasis.

1.

The IGES command is used to import the geometry in the ASCII IGES
file. The structural geometry that was created in RHINO 3.0 was imported
as an IGES file (CatHakanWithNewFront2.igs) by using this command.

The ABAQMATS command is used to specify the material model in
TrueGrid. This command can be used in the TrueGrid code file before
each element type --such as beam, shell and solid elements-- has been
created. Two ABAQUS material were defined in the model, one for the
beam elements and the other for the shell elements. The specifications of
the elements --such as the density, the modulus of the elasticity and
Poisson’s ratio-- were entered by using this command.

In the PARTS phase, the BLOCK command is used to create the parts.
These blocks are the main parts of the structural mesh. The block part is
defined by a list of integers (logical mesh) and coordinates (physical
mesh). Six lists of numbers follow the BLOCK command. The first three
lists are lists of indices (i, j and k). The first list of integers must start with
1 or -1. The integers that follow must be zero or have an absolute value
greater than the absolute values of the integers that preceded them in that
list. These numbers tell TrueGrid the number of nodes to be created in the
first dimension of the computational mesh. A positive integer indicates
that there will be a partition at that nodal index in the first dimension of
the computational mesh. These partitions are used to break the part into
multiple structured blocks. When positive integers are used, solid elements
are created. A negative integer in the list also produces a partition in the
mesh with a nodal index corresponding to the absolute value of the
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integer, with shell elements created along that partition in the
computational mesh. The second list is the lists of values of physical
coordinates (X, y, and z coordinate) which indicate the location of the part.
18 blocks were created with shell elements in the Sea TENTACLE model.

The MATE command is used to assign the material number, which is
defined by ABAQMATS command, for the whole part or the beam
elements. The material assignment can be overwritten by other commands
(MT, MTI) for any combination of the regions of the part. The MT and
MTI commands assign a material number to a region, overriding any
previous material specifications.

The THIC command is used to set the thickness of a shell element. This
command can be overwritten by another command, THI which is used to
set the thickness of a shell element in a region of the part.

The EDGE command is used to distribute the nodes along an edge of a
surface. An edge of the mesh and an edge of the surface must be selected
before executing this command. This can be done interactively in
TrueGrid. The edge identifier of the surfaces in the window can be viewed
by clicking on the Labels and Surf Edge buttons in the environment
window. By selecting the edge of the mesh and the surface edge identifier
from the window, the command can be issued. In the Sea TENTACLE
model, this command was used for the mesh generation of the hull, the
bow and the platforms.

The SFI command, which is a projection command, is used to project the
regions of the mesh onto a surface by index progression. Projection
method is a powerful technique in TrueGrid. This method allows faces,
edges and nodes of the mesh to be directly placed on surfaces. This
method can be used interactively. A face of the mesh and a surface must
be selected prior to the execution of the command. The surface identifier
in the window can be viewed by clicking on the Labels and Surface
buttons in the environment window. The projection can be executed by
selecting the face of the mesh and the surface identifier from the window,
and clicking the PROJECT button. In the Sea TENTACLE model, this
command was used for the mesh generation of the hull, the bow and the
platforms. Figure 76 shows the mesh of the hull of the model before the
projection onto the surface and after the projection.
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After projection

Figure 76. The mesh generation of the hull by projection method

The global beam cross-section definition BSD is used to define the
specifications of the cross-section of the beam elements to be created. This
command has several option lists. For the Sea TENTACLE model, the
ABAQUS beams option having a rectangular cross-section was selected.

IBMI, JBMI and KBMI are used to create the beam elements in the
corresponding direction by index progression. This method of beam
element generation extracts the needed nodes from an existing shell part
and is a way to embed beam elements within a shell. This is only available
in part phase. The orientation of the cross section axis is very important in
the model. It is ensured by orienting the second axis of the cross-section.
This can be accomplished in three different ways. The first way is
orienting the second axis in the coordinate axis (i, j or k). The second way
is orienting the second axis by an orientation vector and the last way is
orienting the second axis in the normal to a desired surface. In the Sea
TENTACLE model, the orientation of the beam elements is ensured by
using orientation vectors. After the MERGE command, which will be
explained later, the local axes of the beam elements can be displayed by
using the co or rst command. During the generation of the beam elements,
the orientation of the beam elements was ensured by using this command
in the Sea TENTACLE model.

103



10.

11.

12.

13.

14.

The ZTOL command causes each coordinate of each node, whose
absolute value is less than given tolerance, to be set to zero prior to
merging and prior to the generation of output. The value 0.0001 was used
to tolerate the coordinate of each node.

The MERGE command causes the part to end, switches to the merge
(assembly) phase and merges the individual parts together.

The DELEM LBM command is used to delete the beam elements in the
mesh. In the Sea TENTACLE model, the beam elements at the
intersection of the bulkheads and decks were deleted since the corners
were not stiffened but welded.

The FSET command is used to create a face set. This can be created
interactively by selecting the SETS button under the PICK option in the
environment window. After selecting the FACES button, the face of the
hull under the waterline can be picked interactively. The HIDE drawing
mode should be used in order to pick only visible elements of the wetted
surface and the four-node selection option should also be picked for
easiness since it selects the four nodes of an element and groups as a set. If
some elements that are not desired in the faceset are selected, they can be
removed by selecting the REMOVE button and using the one-node
selection option. After selecting the faces, the set must be named and
saved. The wetted surface of the ship was grouped into a FACESET
which was named as “hull”. Creating a set for wetted surface of the ship is
an important process for coupling the fluid and structural mesh. The
coupling process will be explained in Appendix D.

The OUTPUT command is used to output the file to a desired format such
as ABAQUS, LS DYNA, NASTRAN, etc. For the Sea TENTACLE
model, first the ABAQUS output option and then the WRITE command
was selected in order to output the file in ABAQUS format.

According to the procedure described above, the structural mesh was created. The

TrueGrid code

file for the construction of the structural mesh is shown as follows.

iges CatHakanWithNewFront2.igs 1 1 ;

c defining the ABAQUS material for beam elements
abagmats 1 ageltyp b3 agdens 7850 agelas aqgelis 2.0684e+11 0.3 ; ; ;

c defining the ABAQUS material for shell elements
abagmats 2 ageltyp s aqdens 7850 agelas agelis 2.0684e+11 0.3 ; ; ;

bsd 1 cstype 11 abcsl 12e-3 abcs2 0.15;;
bsd 2 cstype 11 abcsl 14e-3 abcs2 0.15;;

c bridge

block -1 -26;
-1 -16;
-1 -7;
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20.3 -
39
thic 0.014;
mate 2;
c along x-axis
jbmi 1 2;1 2;1 2;2621v1001
c along z-axis
jbmi 1 1;1 2;12;171v0011;
Jbmi 2 2;1 2;1 2;171vO0O011;
c along y-axis
kbmi 1 2;1 2;1 2;2 161 v 010 1;
c along x-axis
kbmi 1 2;1 2;1 2;26 21 v 100 1;
c along y-axis
ibmi 1 2;1 2;1 2;16 21 v 010 1;
c along z-axis
ibmi 1 2;11;12;171vO0011;
ibmi 1 2;22;12;171v0011;

c deck 1 (cic / radio)

block -1 -3 -4 -23 -24 -26;
1 -16 -31;
-1 -7;
-4.4 -2.4 -1.
35.3 50.3 65.
39
thic 0.014;
mate 2;
c along x-axis
jbmi 1 6;1 3;1 2;26 2 1v 100 1;
c along z-axis
Jbmi 1 1;1 3;1
Jjbmi 6 6;1 3;1
c along y-axis
kbmi 1 6;1 3;1 2;2311v 010 1;
c along x-axis
kbmi 1 6;2 3;1 2;26 21 v 100 1;
c along y-axis
ibmi 1 6;1 3;12;3121vO0101;
c along z-axis
ibmi 1 6;33;12;171v0011;

4 17.6 18.6 20.6
3

2 11
2 11

171vO0O0
171voO00O0

c deck 1 (wr/cardio/helo)

block -1 -3 -4 -12 -15 -23 -24 -26;
1 -16 -24;
-1 -7;
-4.4 -2.4 -1.4 6.6 9.6 17.6 18.6 20.6
65.3 80.3 87.8
39
thic 0.014;
mate 2;
c along x-axis
Jbmi 1 8;1 3;1 2;26 21 v 100 1;
c along z-axis
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Jbmi 1 1;1 3;12;171vO0O011;
jbmi 8 8;1 3;1 2;171v0011;
c along y-axis

kbmi 1 8;1 3;1 2;2241v0101;
c along x-axis

kbmi 1 8;2 3;1 2;26 21 v 100 1;
c along y-axis

ibmi 1 8;1 3;12;2421v 010 1;
c along z-axis

ibmi 1 8;33;12;171v0O011;

c main deck (anchor/chain)

block -1 -8 -14 -19 -26;

-1 9;
-1 -4;
-4.4 2.6 8.1 13.6 20.6
07.8
03
thic 0.014;
mate 2;
c along x-axis
jbmi 1 5;1 2;1 2;26 2 1v 100 1;
c along z-axis
Jbmi 1 1;1 2;1 2;141vO0O011;
Jjbmi 5 5;12;12;141v0011;
c along y-axis
kbmi 1 5;1 2;12;291v 010 1;
c along x-axis
kbmi 1 5;1 1;1 2;2611v 100 1;
c along y-axis
ibmi 1 5;1 2;12;921v0101;
c along z-axis
ibmi 1 5;11;12;141v0011;
ibmi 1 5;2 2;12;141v0011;

c main deck (berthing)

block -1 -8 -10 -17 -19 -26;

-1 14;
-1 -4;
-4.4 2.6 4.6 11.6 13.6 20.6
7.8 20.3
03
thic 0.014;
mate 2;
c along x-axis
jbmi 1 6;1 2;1 2;26 2 1v 100 1;
c along z-axis
Jbmi 1 1;1 2;1 2;141vO0O011;
Jjbmi 6 6;1 2;1 2;141vO0O011;
c along y-axis
kbmi 1 6;1 2;1 2;2 141 v 010 1;
c along x-axis
kbmi 1 6;1 1;1 2;26 11 v 100 1;
c along y-axis
ibmi 1 6;1 2;12;1421v 010 1;
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c along z-axis
ibmi 1 6;1 1;12;141v0011;

c main deck (ship off/of.berth./repair)

block -1 -8 -10 -17 -19 -26;

-1 9;
-1 4;
-4.4 2.6 4.6 11.6 13.6 20.6
20.3 28.3
03
thic 0.014;
mate 2;
c along x-axis
Jbmi 1 6;1 2;1 1;26 21 v 100 1;
c along z-axis
jbmi 1 1;1 2;12;141v0011;
jbmi 6 6;1 2;1 2;141v0011;
c along y-axis
kbmi 1 6;1 2;1 2;291v 010 1;
c along x-axis
kbmi 1 6;1 1;1 2;26 11 v 100 1;
c along y-axis
ibmi 1 6;12;11;911v0101;
c along z-axis
ibmi 1 6;1 1;12;141vO0011;

c main deck (med./gym/storage)

block -1 -8 -10 -17 -19 -26;

-1 8;
-1 4;
-4.4 2.6 4.6 11.6 13.6 20.6
28.3 35.3
03
thic 0.014;
mate 2;
c along x-axis
jbmi 1 6;1 2;1 1;26 2 1 v 100 1;
c along z-axis
Jbmi 1 1;1 2;12;141vO0011;
jbmi 6 6;1 2;1 2;141v0011;
c along y-axis
kbmi 1 6;1 2;1 2;281 v 010 1;
c along x-axis
kbmi 1 6;1 1;1 2;26 11 v 100 1;
c along y-axis
ibmi 1 6;12;11;811v0101;
c along z-axis
ibmi 1 6;1 1;12;141v0011;

c main deck (uuvs 1)

block -1 -3 -24 -26;
-1 16;
-1 4;
-4.4 -2.4 18.6 20.6
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35.3 50.3

03

thic 0.014;
mate 2;
c along x-axis

Jjbmi 1 4;1 2;1 1;26 21 v 100 1;
c along z-axis

jbmi 1 1;1 2;12;141v0011;
jbmi 4 4;1 2;1 2;141v0011;
c along y-axis

kbmi 1 4;1 2;1 2;2 16 1 v 010 1;
c along x-axis

kbmi 1 4;1 1;1 2;26 11 v 100 1;
c along y-axis

ibmi 1 4;1 2;1 1;16 11 v 01 0 1;
c along z-axis

ibmi 1 4;1 1;12;141v0011;

c main deck (ramp)

block -1 -3 -4 -23 -24 -26;

-1 16;
-1 4;
-4.4 -2.4 -1.4 17.6 18.6 20.6
50.3 65.3
03
thic 0.014;
mate 2;
c along x-axis
Jbmi 1 6;1 2;1 1;26 21 v 100 1;
c along z-axis
jbmi 1 1;1 2;12;141v0011;
jbmi 6 6;1 2;1 2;141v0011;
c along y-axis
kbmi 1 6;1 2;1 2;2 16 1 v 010 1;
c along x-axis
kbmi 1 6;1 1;1 2;26 11 v 100 1;
c along y-axis
ibmi 1 6;1 2;11;16 11 v 010 1;
c along z-axis
ibmi 1 6;1 1;12;141vO0011;

c main deck (uuvs 2)

block -1 -13 -14 -26;
-1 16;
-1 4;
-4.4 7.6 8.6 20.6
65.3 80.3
03
thic 0.014;
mate 2;
c along
Jbmi 1

X
4 11;26 21v1001;
c along z
1
4

-ax
“ax
Jbmi 1

S
s
Jomi 4 :

NN =i N) =

PR R
R

2;141v0011
2;141v0011
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c along y-axis

kbmi 1 4;1 2;1 2;2 16 1 v 010 1;
c along x-axis

kbmi 1 4;1 1;1 2;26 1 1v 100 1;
c along y-axis

ibmi 1 4;1 2;11;16 11 v 010 1;
c along z-axis

ibmi 1 4;1 1;12;141vO0011;

c main deck (post off/wld-1)

block -1 -3 -4 -12 -15 -23 -24 -26;

-1 9;
-1 4;
-4.4 -2.4 -1.4 6.6 9.6 17.6 18.6 20.6
80.3 87.8
03
thic 0.014;
mate 2;
c along x-axis
Jbmi 1 8;1 2;1 1;26 21 v 100 1;
c along z-axis
jbmi 1 1;1 2;12;141v0011;
jbmi 8 8;1 2;1 2;141v0011;
c along y-axis
kbmi 1 8;1 2;12;291vO010 1;
c along x-axis
kbmi 1 8;1 1;1 2;26 11 v 100 1;
c along y-axis
ibmi 1 8;1 2;11;911v010 1;
c along z-axis
ibmi 1 8;11;12;141v0011;

c main deck (enlisted berth./uuv workshop)

block -1 -13 -14 -26;

-1 -23;
-1 -4;
-4.4 7.6 8.6 20.6
87.8 110
03
thic 0.014;
mate 2;
c along x-axis
Jbmi 1 4;1 2;1 2;26 21 v 100 1;
c along z-axis
jbmi 1 1;1 2;12;141v0011;
jbmi 4 4;1 2;1 2;141vO0O011;
c along y-axis
kbmi 1 4;1 2;1 2;2231v010 1;
c along x-axis
kbmi 1 4;1 2;1 2;2621v 100 1;
c along y-axis
ibmi 1 4;1 2;1 2;2321v010 1;
c along z-axis
ibmi 1 4;1 1;12;141v0011;
ibmi 1 4;2 2;12;141vO0011;
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c left hull
block -1 -10;
-1 -9 -22 -37 -52 -67 -82 -90 -98 -113;
1 -8;
-4.4 4.4
0 7.80 20.3 35.3 50.3 65.3 80.3 87.8 95.3 110
0 -7.48
thic 0.014;
mate 2;
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Jjbmi 2
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c projection of left hull

edge 1 10 2 2

edge
edge
edge

11011
2101 2
110 2 2

edge 1 10 1 2
sfi 1 2; -10;
sfi -1 0 -2;

edge 1 122 1 2 3.
sfi 1 2; 1 10; -2;sd 3

M R EPNNDNDN

c right hull

block -1 -10;
-1 -9 -22 -37 -52 -67 -82 -90 -98 -113;
1 -8;
11.8 20.6
0 7.80 20.3 35.3 50.3 65.3 80.3 87.8 95.3 110
0 -7.48
thic 0.014;
mate 2;
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c along
jbmi 1
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c projection of left bow

edge 1 2122 15.1

edge 2 2122 25.1

edge 2 11 2215.1

edge 1 1121 1 93.2

edge 11 11215.1

sfi 1 2; 1 2; -1;sd 93

sfi -2; 1 2; 1 2;sd5

sfi 12;12; -2;sd5

sfi -1; 1 2; 1 2;sd 5

sfi -2; 1 2; 1 2;sd 5

sfi 1 2; -2; 1 2;sd 5

c right bow

block -1 -10;

1 -8;
-1 -8;
11.8 20.6
0 -7.48
0 -7.48

thic 0.014;

mate 2;

c along y-axis (problem with i)
kbmi 1 1;1 2;12;181v 010 2;
kbmi 2 2;1 2;1 2;181v 010 2;

c along z-axis
jbmi 1 1;1 2;12;181v0012;
Jbmi 2 2;1 2;1 2;181vO0O012;

c along y-axis
ibmi 1 2;1 2;12;821v 010 2;
ibmi 1 2;2 2;22;111v0012;
ibmi 1 2;22;11;111v0012;

edge 1 2122 1092.1
edge 2 1122 1092.1
edge 1 1112 1092.1
sfi -1; 1 2; 1 2;sd 88
sfi -2; 1 2; 1 2;sd 88
sfi 1 2; 1 2; -1;sd 92
sfi 12; 12; -2;sd 88
sfi 1 2; -2; 1 2;sd 88

c 1st platform port

block 1 9;
1 118;
1;
-3.89 3.89
-7.48 110
-3.5
thic 0.014;
mate 2;
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c along x-axis (problem with i)
jbmi 1 2;12;11;911v100 2;

c along y-axis
ibmi 1 2;1 2;1 1;118 1 1 v 0 1 0 2;

c projection of 1st platform port

edge 1 1121 1090.1
edge 2 112 2 1 90.1
edge 111121 90.1
edge 1 212 2 1 90.2
sfi 1 2; 12; -1; sd 90

c 1st platform starboard

block 1 9;
1 118;
1;
12.31 20.09
-7.48 110
-3.5
thic 0.014;
mate 2;
c along x-axis (problem with i)
Jbmi 1 2;12;11;911v 100 2;

c along y-axis

ibmi 1 2;1 2;1 1;118 11 v 0 1 0 2;
c projection of 1st platform starboard
edge
edge
edge
edge
edge
sfi 1 2;
ztol 0.0001
merge

12
12
11
12
12
1 2;
01;

Ibm 8839 8838 8837 8836 8835 8834;
Ibm 9145 9144 9143 9142 9141 9140;
ibm . . . . . . . . <. . . . ;

delem
delem
delem

fset hull = Is
c linear shells
12999:13030 13094:13165 13205:13256 13320:13436 13482:13541

sd 999 faceset hull ;

abaqus
c output file name is trugrdo
Cc creating ABAQUS input deck

write
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APPENDIX C. FLUID MODELING OF SEA TENTACLE MODEL
USING ABAQUS/CAE

This appendix covers the process for generating the fluid finite element mesh by
using ABAQUS. ABAQUS is an advanced finite element analysis that provides complete
and powerful solutions for linear and nonlinear engineering problems. It is a suite of
finite element analysis modules. ABAQUS/CAE, having a modern graphical user
interface (GUI) of menus, icons, and dialog boxes, provides the most complete interface
with the ABAQUS solver programs available [Ref. 22]. The fluid mesh generation in
ABAQUS/CAE is described as follows. In order to understand the process, the user
should be familiar with the components of the ABAQUS/CAE and the appearance of the

window. Figure 77 shows the components that appear in the main window.

Tille bar Marnu bar Toolbar Coniext bar

Tle Mote  wepgort  dem  Fan s Temge  [ode Phgis  (ep

NeEa +¢anBum BA @D @ © ool iR G 5 K
I'MHliﬂMS| Pockie: [Pt | M |W-u- = Pnrl j

B Moos [atwracs w ¥ .

Modal Tras ¢ Rasulis Tree Taalbax Carwas and Viawpart Frompt Massage area or
araa drawing area area somrmand e inledaca

Figure 77. Components of the main window in ABAQUS/CAE [Ref. 22]
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Geometry can be imported from other packages with several file formats
in ABAQUS/CAE. The best choice for importing geometry is importing it
as an SAT file. From the main menu bar:

File — Import — Part — Input the SAT file — Accept the conversion
to precise representation — Select the solid topology — Click OK
(Figure 78)

M Create Part from ACIS File E|

T arne

Part name: |F|uid_spherical3 |

Repair Opkions

Convert bo precise representation;

| Topology

| @sdid O shel O wire
|~ Part Fiter

(%) Impart all patts

) Impart part number I:l

Figure 78. Creating Part Dialog Box

The surfaces should be created in Part phase since they will be used in the
Interaction phase. As shown in Figure 79, the nonreflecting circular and
spherical surfaces are created in order to define the acoustic impedance in
the Interaction phase. From the main menu bar:

Tools — Surface — Create — Name the geometry — Select the
regions interactively — Click DONE in the prompt area

Figure 79. Nonreflecting circular and spherical surfaces
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The fluid material should be defined as an acoustic medium. From the tool
bar, go to the Property Module and from the main menu bar:

Material — Create — Name the material — Select Other menu —
Acoustic Medium — Enter the Bulk Modulus — Select General menu
— Enter the mass density (Figure 80)

The section properties of a model can be defined by creating a section in
the Property Module. Since the fluid mesh should have solid elements, a
homogeneous solid section should be created. A homogeneous solid
section is the simplest section type that the user can define. It includes
only a material reference and a plane stress/plane strain thickness. From
the main menu bar:

Section — Create — Select Solid Category — Accept Homogeneous as
the default category section — Click Continue (Figure 81)

The solid section editor appears. In the Edit Section dialog box:

Select Material — Accept the default value of 1 for Plane stress/strain
thickness — Click OK (Figure 81)

M Edit Material 3

Mame: ‘WATER

Material Behaviors

Acoustic Medium
Density

General  Mechanical  Thermal — Other

Acoustic Medium

Eulk Modulus Yolumetric Drag

[ use temperature-dependent data

Mumber of field variables:

Data

Bulk Modulus
1 2.1404E+4009

Figure 80. Material Editor Dialog Box
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B Create Section E|

Categary - Type B Edit Section @

®solid | [ Name: Section-9

) shell zeneralized plane strain Tvpe: Solid, Homagensous

{:} Beam T ]

O oth Material: |WATER v | |create...|
et T T e e

| continue... | [ Cancel ]

Figure 81. Creating and Editing Section

5. Each part created is oriented in its own coordinate system and is
independent of the other parts in the model. The Assembly module is used
to define the geometry of the finished model by creating instances of a
part. Although a model may contain many parts, it contains only one
assembly. From the tool bar, go to the Assembly Module and from the
main menu bar:

Instance — Create — Select the dependent instance type — Click OK

Hl Create Instance @

Instance Type
(%) Dependent {mesh on part);

) Independent {mesh on instance)

Mote: Tochange a Dependent instance's
riesh, wou rusk edit its part's mesh.

[ Auko-offset from other instances

[ K ] [ Apphy ] [Cancel ]

Figure 82. Creating Instance

6. The Mesh module is used to generate the finite element mesh. The
meshing techniques, which ABAQUS/CAE will use to create the mesh,
the element type and shape can be chosen. For the Sea TENTACLE
model, the element type of the fluid mesh should be the acoustic type.
From the tool bar, go to the Mesh Module and select the fluid part from
the Object menu. From the main menu bar:

Mesh — Element Type — Select Acoustic Finite Element — Select
Tetrahedral Element (AC3D4) — Click OK (Figure 83)
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The Mesh Controls dialog box is used to examine the technique that
ABAQUS/CAE will use. After assigning this element shape, the color of
the part should be turned to purple. From the main menu bar:

Mesh — Mesh Controls — Select Tetrahedral as the element shape —
Click OK (Figure 84)

M Element Type E\
Element: Library Family
@ standard (O Esxplicit | | 3D Stress Al

Geometric Order ! Cohesive

& Lnear () Quadratic | Continuum Shell .

| Hex | wedgs

Elernent Controls

There are no applicable contrals For these settings.

AC3D4: A 4-node Iinear acoustic tetrshedron,

Mote: To select an element shape for meshing,
select "Mesh-=Controls" from the main menu bar.

Figure 83. Selecting the Element Type

B Mesh Controls @

Element shape

Technique Algarithm
se default algoritbm

(%) Free D [J 1ncrease size of inkerior elements

<
||

[ use mapped tri meshing on bounding
faces where appropriate

Figure 84. Mesh Control Dialog Box
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8. The number of seeds should be selected prior to the meshing process. It
can be accomplished by entering the approximate global seed size. For the
Sea TENTACLE model, 1 m was input as the global element size. From
the main menu bar:

Seed — Part — Enter the approximate global size of the element —
Accept the other values as default — Click Apply and OK

B Global Seeds @

Sizing Controls

Approximate global size: 1.0

Curvature contral

Deviakion Factor (0.0 < hL < 1.0%: (0.1
(Approximate number of elements per circle: &)

Minimum size fackor {as a fraction of global size):

(%) Use default (0,17 () Specify (0.0 < min < 1,00 o1

[ (04 ] [ Apply ] [Defaults] I Cancel ]

Figure 85. Defining the Element Size

0. In order to finish the meshing process, from the main menu bar:
Mesh — Part — Click Yes to confirm the meshing in the prompt area

The final mesh of the fluid mesh is displayed and the information about the mesh
is given at the message prompt of ABAQUS/CAE.
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APPENDIX D. COUPLING THE FLUID/STRUCTURAL MESH
AND UNDEX ANALYSIS OF SEA TENTACLE MODEL BY USING
ABAQUS/CAE

ABAQUS/CAE incorporates the analysis modules into a Complete ABAQUS
Environment for modeling, managing, and monitoring ABAQUS analyses and
visualizing results. It also introduces the generalized force on acoustic and solid media
associated with the arrival of dilatational waves. Since the fluid mechanics is assumed to
be linear, the wave fields in the fluid can be superimposed in a dynamic problem excited

by a propagating wave in the fluid arriving from outside the domain [Ref. 22].

The fluid mesh and structural mesh should be coupled in order to couple the
response of the structure to that of the fluid. This can be done by creating a TIE constraint
in ABAQUS/CAE. This appendix covers the coupling process and UNDEX analysis for
the Sea TENTACLE model.

1. The structural input file created in TrueGrid can be imported as a model in
ABAQUS/CAE. From the main menu bar:

File — Import — Model — Select the ABAQUS input file for the
structural model

2. After importing the model, checking the features, sets, sections, and profiles
of the structural model is strongly encouraged. From the model tree:

Click Parts — Click PART-1 — Check the desired features

3. The fluid mesh can be created under the imported model tree as described in
Appendix C.

4. After creating the fluid mesh, some surfaces of the fluid part should be
defined prior to UNDEX analysis steps. The surface that will be coupled with
the wetted surface of the ship and the exterior face of the fluid part that
interacts with the charge should be defined as surfaces. These surfaces will be
used in the Interaction Module for easier accessibility. In the Mesh Module:

Tools — Surface — Create — Name the surface — Click OK — Select
the region which will be coupled with the wetted surface of the ship (Do
the same process for the exterior fluid surface)
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Type: Mesh

Type: Mesh

ICantinue... ] [

Cancel ] lCDntinue...][ Cancel ]

Figure 86.

5. Coupling the fluid and structural mesh can be done by the TIE option. From

Creating Surface Dialog Box

the tool bar, go to the Interaction Module and from the main menu bar:

Constraint — Select TIE — Click OK — Choose the wetted surface of the
ship as the master surface from the Surfaces option in the prompt area —
Click Continue — Choose the fluid surface, FLUIDWETTED which was
created in Step 4 as the slave surface from the Surfaces option in the
prompt area — Click Continue — Click OK in the Edit Constraint

window

M Create Constraint @

| Rigid bady

| Display body
Coupling
Shell-to-solid coupling
| Embedded region
iEquaHnn

I Edit Constraint

Mamne: COMSTRAINT-1-1
Type:  Tie

Masker surface: HULL [Edit Region... | Il

Slave surface:  FLUID_SPHERICAL3-1.FLUIDWETTED

[] Exclude shell element thickness
Pasition Tolerance
(%) Use computed default

Note: Modes onthe slave surface that are
considered to be outside the position
tolerance will MOT be tied.

Adjust slave surface initial position
Tie rokational DOFs if applicable

Ml Region Selection

Eligible Sets
Surfaces below may contain faces,

Type

Fluid_spherical3-1.FLUIDWETTED Surface

fluid_spherical3-2. FLUIDWETTED Surface

Highlight selections in viewport

X

Edit Region... | [l

Figure 87.

Applying Constraint on the Model

122




6. After coupling the fluid-structural meshes, the next step is to create a specific
analysis step. ABAQUS/CAE creates a special initial step at the beginning of
the model’s step sequence that allows the user to define the boundary
conditions, fields and interactions that are applicable at the beginning of the
analysis. The initial step is followed by one or more specific analysis steps.
Incident wave loads are supported only in transient dynamic procedures.
From the tool bar, go to the Interaction Module and from the main menu bar:

Step — Create — Select Dynamic, Explicit

M Create Step @

Mame; | Step-1
Insert new step afker

Procedure bvpe: [ General w

Crvnamic,

Temp-disp, Explicit
Genstatic
Heat transfer
Mass diffusion
Snils
Skatic, General
Skatic, Riks b
[ Conkinue, .. ] [ Cancel ]

Figure 88. Creating the Step

7. The step editor appears. In the editor window, the step properties should be
defined. The incrementation of the step is of considerable interest. ABAQUS
automatically subdivides a large time step into several smaller increments if it
finds that the solution is nonlinear by using the Newton-Raphson iteration.
This process is completely automatic, and ABAQUS will always take the
largest possible time increments that will reach the end of the step and still
give an accurate, convergent solution.

Select Basic tab — Name the step — Enter the desired time period (In
Sea TENTACLE model, it was input as 0.5 seconds) — Select
Incrementation tab — Select automatic type — Accept the default value
of 1 for time scaling factor — Select Other tab — Enter the linear and
guadratic bulk viscosity parameters (default values are shown in the
figure)
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Figure 89.

Defining the Dynamic Step

8. The location of the charge and the stand-off point should be defined as
reference points prior to the interaction. From the main menu bar:

Tools — Reference Point — Enter the location of the point at where the
charge locates in the prompt area — Enter (Do the same process for the

stand off point)

Select a point ko act as a reference poink -- or enter ¥,¥,Z: 5,51.26,-57.73

Figure 90. Defining a Reference Point in the Prompt Area

9. The explosive load is specified with an incident wave load in UNDEX
analysis. The load is applied on both the structure and the fluid at their
common interface. The load is similar to a distributed load and the charge can
be located outside the acoustic domain in ABAQUS/CAE. UNDEX analysis
is tracked beginning at the standoff point. From the main menu bar:

Interaction — Create — Select Incident Wave — Click Continue —
Select the type of region — Click on the first reference point and second

reference point in the viewport interactively — Select the exterior fluid
surface from the Surfaces option in the prompt area (Figure 91)

10. Interaction editor appears. In the interaction editor window:

Select the UNDEX from definition tab — Create Wave property — Select
Incident Wave — Click OK (Figure 91)
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M Edit Interaction &l

M Create Interaction

Mame: IncWave

Mame: |In|:'-.-'-.-'ave | Type:  Incident wave

Step: |Step-1 Step:  Step-1 {Dynamic, Explicit)

source point: (Picked) [l

e Standoff point: (Picked) [
Types for Selected step Surface: fluid_spherical3-1.FLUIDEXT [l
zeneral conkact (Explicit) Definition:
Surface-to-surface conkack (Explicit) wave Data
Self-cantack (Explicit) Wave property: | v| [Create...]

Incident wave Reference magnitude: | |

Acoustic impedance LMDES Data

Direction cosine of

Fhuid surface normnal: | |

Initial depth: | |

B Create Interaction Prop... rz|

Marme: | IntProp-1 |

Twpe

Contack
Filrm condition
Acouskic impedance

Incident wave
Actuator fsensor

[Cnntinue...] [ Cancel ]

Figure 91. Creating Incident Wave Interaction for the Model

11. Continue with the interaction editor. The charge used in the Sea TENTACLE
model analysis is TNT. Since the metric system was used in the Sea
TENTACLE model, all the values in Figure 92 are in metric system except the
constants A and B that are dimensionless.

Input the speed of sound and fluid mass density — Select the Spherical
Wave definition — Click on the Use UNDEX Charge — Input the
physical, material and bubble model step data
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M Edit Interaction Property @

Mame: INTPROP-1

Type: Incident wave

Speed of sound in Fluid; | 1500 |

Fluid density: 1025 |
Definition: () Planar (%) Spherical
Use UMDEY charge

IUMNDEY Charge

Physical |Materia| Bubble Model

Pheysical Data
Gas specific heat ratio: 1.27
Gravicational acceleration: |9.81

Abmospheric pressure: 93000

Flow drag coefficient: z

] Meglect wave effects in Fluid and gas.

Cancel

M Edit Interaction Property

Mare: INTPROP-1

Type: Incident wave

Speed of sound in Fluid: | 1500

Fluid density: 1025

Definition: ) Planar (%) Sphetical
IJse UNDEY charge
UMDEY Charge

Bubble Model

Material Data
Constantk: 52100000 |
Comstantk: | 9E-005 |
Constant A: |0.18 |
ConstantB: |0.185 |
Constantke: | 839600000 |
Charge density: |15E|E| |
Charge mass: |34Dl 94 |

M Edit Interaction Property @

Mare: IMNTPROP-1

Type:  Incident wave

Speed of sound in Fluid:

Fluid density:

IJse UNDEY charge
UNDEY Charge

Physical | Material

Tirne duration:

Max. number steps:
Relative contral:
Absolute contral:

Cantral exponent:

Definition: () Planar (%) Spherical

Bubble Model Step Data

1500 |

1025 |

lo.s

1500

HE-D11

|
|
[1E-011 |
|
|

0.2

Ok

Cancel

Figure 92.

Defining the Properties of TNT Charge
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12. Acoustic impedance is used to provide surface impedance information or
nonreflecting boundaries for acoustic and coupled fluid-structural analysis. It
states that acoustic energy leaves the mesh through a nonreflecting boundary.
The nonreflecting type depends on the boundary geometry. In this thesis, fluid
mesh consists of two spherical and one circular surface that were created
separately in the Part phase. Therefore, the boundary type should be spherical
and circular. From the main menu bar:

Interaction — Create — Name the interaction — Select Step-1 from the
Step menu — Select Acoustic Impedance option — Click Continue —
Select the one of the exterior surface of the fluid mesh as the boundary
from the Surfaces option — Click Continue — Select Nonreflecting
impedance definition in the Interaction editor window — Select
Circular/Spherical as nonreflecting type and enter the radius of the
geometry — Click OK (Repeat this process for each boundary surfaces)

B Create Interaction

T I Region Selection §|
Mame: | AcSimp —
S : Eligible Sets
Step: |Step-l % Surfaces below may contain Faces.
Procedure: T Type ~
Twpes for Selected Step prmmnomemmmRs o
— PART-1-1. PLATFCRMS Surface
General contact (Explicit) fluid_spherical-1,FLUIDCIRCULAR Surface
Surface-to-surface contack (Explicit) ; ; :
- Fluid_spherical-1,FLUIDEXT Surface
Self-contact (Explicit)
) fluid_spherical-1.FLUIDSPHERICAL L Surface
Incident wave
Acoustic impedance fluid_spherical-1,FLUIDSPHERICAL_2 Surface
fluid_spherical-1.FLUIDWETTED Surface |
fluid_sphetical-1,FREE_SURFACZE Surface v
.................................................................... [] Highlight selections in viewport

M Edit Interaction g|

Mame: AcSimp-3

Type:  Acoustic impedance

Step:  Step-1 {Dvnamic, Explicit)

surface: Fluid_spherical-1. FLUIDCIRCULAR. |Edit Region. ..

Definition: ) Tabular (%) Nonreflecting

Monreflecting bvpe: éCircuIar v
Radius: |25 .

Figure 93. Creating Acoustic Impedance Interaction
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13. The dynamic acoustic pressure boundary condition on the free surface

requires a zero pressure boundary condition on this surface in UNDEX
phenomena. From the tool bar, go to the Load module and from the main
menu bar:

BC — Create — Select Other from Category option — Select Acoustic
pressure as the BC type — Click Continue — Select the free surface of
the fluid as the BC location in the viewport interactively — Input 0 as the
magnitude of the pressure at the free surface — Click OK

M Create Boundary Condition @

Mame: |BC-1
Step: | Step-1 W
Procedure; Dynamic, Explicit - Edit Buundarr Condition
Cateqgory Types for Selected Step Marmme: BC-1
O coustic pressure Type:  Acoustic pressure
(%) Other Submodel
Skep:  Step-1 (Dvwnamic, Explicit)
Region:  (Picked)
Distribution: | Uniform
Magnitude: |0
amplitude: | (Instantaneous) w
Figure 94. Creating the Boundary Condition at the Free Surface

14. The next step is to create the output requests. Field output variables are

generally written at relatively low frequencies to the output database for the
entire model. The velocity, acceleration and acoustic pressure are the main
important field output variables for UNDEX analysis. The dynamics of the
shock front can easily be seen in the plots by selecting the acoustic pressure
variable as an output. From the tool bar, go to Step module and from the main
menu bar:

Output — Field Output Resuests — Create — Select the whole model as
the domain — Select Evenly Spaced Time Intervals as the frequency of
obtaining the output — Input the desired time interval — Select Output
at approximate times for timing — Select the desired output variables
seperately (Displacement/Velocity/Acceleration, Acoustics and Stress etc)
— Click OK
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M Edit Field Output Regquest gl

Mame: F-Cutput-1
Skep: Skep-1

Procedure:  Dvnarmic, Explicit

Damnain: whole model
Freguency: |Everly spaced time intervals s | Interval: [ 100
Timing: | Cukpuk ab approximate bimes
Cutput Yariables
(%) Select from list below () Preselected defaults () all () Edit variables
,Y,
F | oiresses
|:| Strains
[E] pisplacementvelocity Acceleration
[] Forces{Reactions
|:| Conkack
|:| Energy
[] FailureFracture
[ Thermal
[] Porous media/Fluids
|:| Acoustics
[] walume, Thickness{Coordinates
[] state/Fisldi st Time 2

b . A . . A A . A .

-~
hd

[ output For rebar

Oukput at shell, beam, and layered section points:
(%) Use defaulks () Specify:

Include local coordinate directions when available

Figure 95. Field Output Request

15. History output variables are generally written at relatively high frequencies to
the output database for a small portion or node of the model. The
velocity/acceleration is the main important history output variable for
UNDEX analysis. The velocity history at critical points in the structure
indicates the severity with which the shock has influenced the structure. From
the main menu bar:

Output — History Output Requests — Create — Select the set as domain
— Select the desired point/node — Pick every n time increments as the
frequency — Input 1 as n value — Select the desired output variables
(Displacement/Velocity/Acceleration) — Click OK
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M Edit History Output Request g|

Marne: H-Cukput-1
Skep: Skep-1

Procedure:  Dynamic, Explicit

Domain: Sat |

Frequency: |Every ntime increments W n 1

Cutpuk Wariables
(#) Seleck from list below () Preselected defaults () all () Edit variables
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[E] Displacement fvelocity | Acceler ation
[] Forces/reactions

|:| Conkack

[] Conmeckar

[JEnergy

[ Failure/Fracture

[ Thermal

[ Parous mediayFluids

|:| Acoustics

[ walume/ Thickness/Conrdinates
[ gk akaiFialdll lear i Tirna

“rvvvvvvvvvvvv

[ oukput For rebar

Qutput at shell, beam, and lavered section paoinks:

(%) Use defaults () Specify:

] apply filker: | antidliasing

Figure 96. History Output Request

16. The next step is to edit the attribute of the model. The formulation type should
be defined at this step. Total wave formulation was used in the Sea
TENTACLE model. From the model tree:

Right Click on the model name — Click Edit Attributes — In the editor
window, specify acoustic wave formulation (Figure 97)
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B Edit Model Attributes X]

Marne: Shock_analysis3
Description: | UMDEX_Analysis
Physical Constants
Absoluke zero temperature:
Stefan-Eoltzman constant:

Specify acoustic wave formulation: | Tokal wave b

Restart | Submodel

Mote: Specify these settings to reuse state data
from a previous analysis of this model,

[ Read data from job

Figure 97. Specifying Total Wave Formulation

17.Some of the functions in UNDEX analysis are not supported in
ABAQUS/CAE. Therefore, they have to be invoked by using keywords
editor. From the model tree:

Right Click on the model name — Click Edit Keywords — In the editor
window:

Define the cavitation limit in pressure magnitude under the Materials
option:

*Acoustic Medium, Cavitation Limit
0.0,

Define the bubble loading in order to visualize the bubble history under

the Interactions option:

*Amplitude, Definition=Bubble, Name=Bubble,
Time=Total
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First Line:

Charge material constant K, k, A, B, adiabatic charge constant K,
ratio of specific heats for gas, density of charge material, mass of

charge material, charge depth

52.1E6,9E-005,0.18,0.185,839600000,1.27,1500,
3401.94, 57.0

Second Line:

Fluid mass density, sound speed in fluid, X-direction of cosine of fluid
surface normal, Y-direction of cosine of fluid surface normal, Z-

direction of cosine of fluid surface normal
1025.0, 1500.0, 0.0, 0.0, 1.0
Third Line:

Gravitational acceleration, atmospheric pressure, wave effect

parameter, flow drag coefficient
9.8066, 101320, 1.0, 2.0
Fourth Line:

Time duration, maximum number of time steps, relative step size,

absolute step size, step size control exponent
1.5, 1500, 1E-011, 1E-011, 0.2

Define the acoustic static pressure at two reference points as an initial

condition:

*Initial Conditions, Type=Acoustic Static

Pressure

fluid_spherical-1.FLUID,0,8.08768177,-
30.5471306, -2.75, 251381.25, 8.10000038, -
7.48000002, -27.75
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18. The Job module is used to create and configure the analysis jobs. Submitting a
job to ABAQUS/Standard or ABAQUS/Explicit for analysis generates the
input files and submits them as analysis jobs. The input file can be created
without submitting the job. From the tool bar, go to the Job module and from
the main menu bar:

Job — Create — Select the model — Click Continue — Name the
description of the job — Select the Full Analysis from the Submission tab
— Input the file processor memory as the maximum memory of the
machine that will be used for the analysis. (Figure 98)

19. The final step is submitting the job and running the analysis. From the main
menu bar:

Job — Manager — Click on Submit (Click on Write Input in order to
create the input file without running the analysis) (Figure 99)

M Create Job @

I Continue. .. H Cancel ]
M Edit Job () | ™ Edit Job X
Mame:  Shock_CAY_REF_SPH_CIRCZ Mame: Shock_CaAw_REF_SPH_CIRCZ
Model:  Shock_snalysis3 Model: Shock_Analysis3

Submission | General | Memory | Parallelization || Precision Submission | General | Memory | Parallelization
Job Type ABAQLIS/Explicit precision: | Double v

() Full analysis ) Recover (Explicit) Modal output precision: Ful

() Data chedk () Restart

() Continue analysis

Run Maode
(#) Background () Queue:

Submit: Time
() Immediatsl
Jtes. [ min

Figure 98. Creating the Job for Simulation
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X]

B Job Manager b

;Name Model Type Status i Yerite Tnpuk
[ 10b-1 Shock_Analysis3 Full Analysis Mone i =ubmi
G
==
=T
|
Create...] [ Edit... ] [ Copy... ] [Rename...] [Delete... ] [ Disrmiss ]

Figure 99. Job Manager Dialog Box

The input file of the model is summarized as follows.

*x

** MATERIALS
**
*Material, name=M1
*Damping, alpha=19.2, beta=2.09e-06
*Density
7850.,
*Elastic
2.07e+11, 0.3
*Material, name=M2
*Damping, alpha=19.2, beta=2.09e-06
*Density
7850.,
*Elastic
2.07e+11, 0.3
*Material, name=WATER
*Acoustic Medium
2.1404e+09,
*Density
1025.,

**x

** INTERACTION PROPERTIES

**

*Incident Wave Interaction Property, name=INTPROP-1,
type=SPHERE

1500., 1025.

*UNDEX Charge Property

5.21e+07, 9e-05, 0.18, 0.185, 8.396e+08, 1.27

1500., 3401.94, 9.8066, 101320., 1.0, 2.

1.5, 1500, le-11, 1le-11, 0.2

57., 0., 0., 1.
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*x

** PHYSICAL CONSTANTS

**

*Acoustic Wave Formulation, type=TOTAL WAVE

**x

*Initial Conditions, Type=Acoustic Static Pressure
fluid_spherical-1_FLUID, 0, 8.08768177, -30.5471306,
251381.25, 8.10000038, -7.48000002, -27.75

*x

** STEP: Step-1

**

*Step, name=Step-1
model _step
*Dynamic, Explicit
, 1.5

*Bulk Viscosity
0.06, 1.2

*x

** BOUNDARY CONDITIONS

**

** Name: Aco-BC-1 Type: Acoustic pressure
*Boundary

FLUID_SPHERICAL-1.FREESURFACE, 8, 8

*x

** INTERACTIONS

**

** Interaction: AcSimp-1

*Simpedance, nonreflecting=SPHERICAL
FLUID_SPHERICAL-1.FLUIDSPHERICAL_ 1, 25.
** Interaction: AcSimp-2

*Simpedance, nonreflecting=SPHERICAL
FLUID_SPHERICAL-1.FLUIDSPHERICAL 2, 25.
** Interaction: AcSimp-3

*Simpedance, nonreflecting=CIRCULAR
FLUID_SPHERICAL-1.FLUIDCIRCULAR, 25.

** Interaction: IncWave-1

*Incident wave iInteraction, UNDEX, property=INTPROP-1
FLUID_SPHERICAL-1.FLUIDEXT, PICKEDSET28, PICKEDSET?29,

**

** OUTPUT REQUESTS

**x

*Restart, write, number interval=1, time marks=NO

*x

** FIELD OUTPUT: F-Output-1

*x

*Qutput, field, number interval=100
135

-2.75,
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*Node Output
PABS, POR

**x

** FIELD OUTPUT: F-Output-2

**

*Element Output, directions=YES
S,

*x

** FIELD OUTPUT: F-Output-3
**

*Node Output

U, Vv

*x

** HISTORY OUTPUT: H-Output-1

**

*Qutput, history, frequency=1

*Node Output, nset=PART-1-1.GAP_MAINO1
Al, A2, A3, U1, U2, U3, V1, V2

V3

**x
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